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Preface

Accurate predictions of the signal to noise ratios that will
cause an Amplitude Comparison Monopulse Radar to break angle tracking

lock, are at present, not available. This thesis models the

Amplitude Comparison Monopulse Radar in terms of a tracking loop

using the Maximum Likelihood Criteria. From this model, probability
density functions are desired for the estimated angle off boresight.
A criteria for predicting break lock is derived from the probability

density functions.
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Abstract

An amplitude comparison monopulse radar is modeled using
additive channel and system noise to the received signals. The
amplitude of the incoming signal and the angle off boresight are
estimated under the Maximum Likelihood Criteria. An ensemble of
estimates of the angle off boresight are used to derive probability
density functions for the estimate angle off boresight. From these
probability density functions, a criteria for predicting breaklock

is derived.
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I INTRODUCTION

Background

Accurate predictions of the signal to noise ratios that will
cause an Amplitude Comparison Monopulse Radar to break angle tracking
lock, are at present not available. To enable accurate predictions to
be made, probability density functions for the estimated angle off
boresight need to be derived for various signal to noise ratios.

Techniques for analysis and prediction of break lock for Phase
Lock Loops have been developed and well documented (References 1l and
12). Also, the analysis of a Phase Lock Loop system modeled under
Maximum Likelihood Estimate Criteria for simple estimation problems,
has been doéumented (Reference 11).

The Amplitude Comparison Monopulse Radar has been modeled under
an approximation to the Maximum Likelihood Criteria by Bakut (Refer-
ence 1). Bakut shows how all system noise and channel noise can be
lumped to one normally distributed noise source which is additive to
the received signal.

Cohen and Steinmetz (Reference 3) have'ﬁodeled the antenna
functions of the Amplitude Comparison Monmopulse Radar as the sum of
sines and cosines but this is an approximation of the antenna pattern
within the 3db beam width.

Objective

To gain accurate probability density functions of the angle off
boresight estimate (6), an accurate model of the radar needs to be
derived. The antenna functions are to be modeled without any

approximations. The radar will be modeled under the Maximum Likeli~

hood Estimate Criteria. A discrimination model to convert error




voltage to angle estimate off boresight 1is to be modeled. The
resulting tracking loop probability density functions of the angle
estimate with their relevant mean and variances are to be plotted.
Assumptions

The scope of this thesis was restricted by the following
assumptions in relation to, the noise, the radar platform, the radar
model and the target movement.

The noise is assumed to be white gaussian distributed noise. As
the noise is additive to the sum and difference channels of the radar
it is also assumed to be independent from pulse to pulse and from
channel to channel.

The modelmis restricted to one dimension only and total de-
coupling from a second dimension is assumed. In deriving the model,
noise is assumed to be zero mean as well as white independent
gaussian distributed. The radar platform is assumed stationary and
consequently eliminates modulation of the radar input due to platform
movement.

The target is assumed to have two separate movements; stationary
and a constant velocity. When the target is assumed to be stationary,
then this also includes the case where the radar is tracking a

target which is moving slowly in relation to the total number of

pulses integrated.

ORISR,




, II MODEL OF AMPLITUDE COMPARISON
MONOPULSE RADAR

General

. Through the use of two (minimum number) offset antennas,

R L T

Figure 1, an Amplitude Comparison Monopulse Radar provides range and

angle information. The range information is derived from the signal

return delay. Angle information 1s derived by comparing the addition
and subtraction of the return signal's output from the two offset
antenna, and then estimating the angular error of the target to the
antenna system boresight axis. The general block diagram of an

!
Amplitude Comparison Monopulse Radar is shown in Figure 2. i
i

-

Figure 1. Offset Antenna Configuration
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Figure 2. General Block Diagram of Amplitude Comparison Monopulse
Radar

Noise
To account for system noise and channel noise, noise is lumped

and modeled as independent gaussian, zero mean and added independently
to the sum channel and difference channel to form the X signals. The
input signals to the estimator, the XZ(t) and XA(t) signals contain
amplitude, range and angle off system boresight information and are
modeled as follows:

X(t) = AgZ(e)S(t-Hl) + nZ(t)

Xa(t) = AgA(G)S(t-H’z) + na(t)

Received Signal S(t+7)

Ag this thesis is concerned primarily with angle tracking the T

(range estimate) problem will be ignored. This consequently enables

the S(t+t) portion of the X signals to be evaluated as S(t). There-
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fore, the X signals become:

XE(t) = AgI(8)S(t) + nI(t)
. Xa(t) = Aga(8)s(t) + na(t)
The A cdﬁponent of the received signal is a random process of un-
known density. The S(t) signal will be modeled in two methods.
(1) As a transmitted pulse of unit energy with the
received function constant

S(t) = u(t) 0<t<T

o 1l

else
This represents a return from a stationary target.
(2) As a transmitted pulse of unit energy with angular

movement and, consequently, the received antenna

functions as a function of 0(t) P
1 o

S(t) = T u(t) 0<t<T 5i
0 else ;é

) [

]

!

8(t) = Pt +Q ’

Where P is the rate of change and

Q is the starting angle. ]

In both cases the amplitude of the incoming signal A is the

random variable.

The typical pulse duration of a monopulse tracking radar is

-

0.2u8. To aid in the computer implementation of the radar model,

the pulse has been scaled to 20ms with all other timing scaled




accordingly.
S(t); 0 < t < 20ms.

Antenna functions gr(6), gA(6)

A pencil beam of 7.5° for each antenna was assumed. To create
the pencil beam pattern, a square aperture with uniform aperture field
distribution was also assumed. A representation of the field is

Figure 3.

A

—ta —|

Ea = Eok/x/<a;(y)<b
0 else
Figure 3. Square apertufe with uniform apertiire field distribution
The fourier transform (Reference 4) of this aperture field

gives the function ft. as:

x 4abEo sin (koa sin 6 cos ¢) sin (kob sin 6 sin ¢)
(koa sin 6 cos ¢) (kob sin 6 sind)

ft =

In the far field,

e-jkor

E(xr) = h] %%} ¢ cos 8sin ¢(-fx) + 6 fx cos ¢

. . +%:: e-jkor fx cos ¢ 6 + fx cos 6 sin ¢ ¢




; . - jkoe-jkor

T fx cos ¢ 8 -~ cos 6 sin ¢ ¢

4abEo sin [koa sin § cos ¢ sin [kob sin g sin ¢

- fx . koa sin 6 cos ¢ kob sin & sin ¢ “ g
in¢ = %, %1 plane;
p 4abEo sin (kob sin 8) o
X kob sin 6 i
{
F &
and; ;
_ fkor  _ E
E(r) = Jkoe fx + cos 8 ¢ :
2rr 3 {

where ¢ = %; >

for the high gain antenna case;

(T = Jkoe‘.‘lkor 4abEo sin (kob sin 8) ‘
2rr kob sin P : 1

Normalizing for E(o);

E(r) _ sinf{kob sin q
E(o) kob sin 6 @5

-

The normalized radiation pattern for each antenna is

Figure 4,
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Figure 4. Normalized radiation patternofor each antenna 3db
beam width is assumed as 7.5 .

Therefore,

sin (koa sin 3.75°)

-707 = koa sin 3.75°

.707 = sine (koa ,0654)
This gives koa = 13,6874w
koa = 43,0003097 (2)
The two antennas form relative main radiation beams as in
Figure 5. The two antenna boresight axes have a separation of d.

For this analysis both beams will be referenced to the antenna

system boresight axis.
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Relative Antenna A and B main radiation beams

Figure 5.

From Equation 1

Antenna A

sin [koa sin {6 + ~%>] (3)

Antenna B

koa sin (3 + %

d
sin [koa sin (Od- 2)] ”
koa sin (e - E)

If the separation between the two lobes A and B is small

compared to the focal length, then squint angle g-can be computed

2

approximately from the antenna parameters (References 3 and 6) by

the following:

d = Kp tan-l z

d = .6 tan




- 2.475
% = 1.2375° (5)

= (0.0216 rad

Kp is a constant which is a function of the size and shape of the

reflector and aperture 0.6 (References 3 and 6); n = distance
between centers (40 cms); f = focal length (5.5m)

Antenna function gr 8)

gE(B) = A+ B

from equation 4 and 5
sin [koa sin(e + g)] sin [koa sin(e - i)]
gL(6) = , 2/0+ 2

koa sin(e + %) koa sin(e - %)

(6)

This produces a radiation pattem as Figure 6.

\ Eofl’)
Ee©@

S

G ——>
Figure 6. Radiation pattern for gL (8)

Antenna function gA (8)

A®) = A-B
from equation 4 and 5

ga(e) = sin [koa sin(e + %)]_ sin [koa sin( - %)]
koa sin(e + %) koa sin(e - %)
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This produces a radiation pattern as Figure 7.
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Figure 7. Radiation pattern for ga(®)
Estimator 6

At this point in the Monopulse Radar, (output of the I.F.
section, input to the estiﬁator), the information signals are the
Xr(t) and Xa(t) signals.; From these two signals 6, (angle the target
is off boresight), must-be estimated.

A way of estimating 6 is to maximize the a posteriori density
of po/£f(Xz, XA, a) (o/f(Xz, Xa, A)), (References 10 and 11), as in
Figure 8. If the maximum is interior to the allowable range of §
and In pe/f(Xz, X4, a) (o/f(XI, XA, A)) has a continuous first
derivative then a condition for a maximum can be obtained by differen-
tiating 1n p 68/f(Xg, X4, a) (0/£(XZ, Xa, A)) with respect to 6 and
setting .the result to zero.

alnp 0/f(Xz, XA, a) (O/f(XE, XA, A)) =0
20

0 =6 (f(XZ, XA, A)

11
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Figure 8. An a posteriori density
Let f(XI, XA, A) = Y

From Bayes Rule (Reference Van Trees)

- y/e (Y/9) 6(Q)
po/y (0/Y) )

Therefore,

ln p6/y ©/Y) = 1n y/8 (Y/0) + 1n 8(0) - lny (Y)

As the main point qf interest here is to find the value of ©
where the left hand side is maximum, the last_.term on the right hand
side is not a function of O and can be ignored.

Therefore, to maximize the a posteriori density 1n 6/y (8/Y),
need only maximize;

lnp y/6 (Y/8) + 1n 6 (8)
Nothing is known about the a priori knowledge of 6(6) and therefore

if this is assumed to be a uniform distribution within the range of @

then the a priori knowledge is a constant K.

dln K=0
30

But




Therefore, to maximize ln &y ©/Y) is equivalent to maximizing
In yo ().
Therefore,

3lmp 6/y (@/Y) « olm y/e (Y/o)
30 0 = OML(Y) 20 o =8 ML(Y)

This is refered to as the Maximum Log Likelihood Estimation
of ©

dlmy/8 (Y/0) =0
30 0= SML(Y)

This estimation of 6 will now lend itself to a form of tracking
loop as demonstrated by Verterbi (Reference 11).

The probability density of the noise, (Ni(t), 1 =731, a) is
known, (independent, white, zero mean, gaussian with identical
independent variances V), and therefore, the joint probability
density pf(XE (t), Xa(t)/a,0) (X (t), X (t)/A,0) can be derived.

The Gram Schmidt or .ogonalization procedure (Reference 8)
was used for this derivatiﬁn.

Gram Schmidt Orthogonalization Procedure

As Ni(t), 1 = I,A), are independent whzte gaussian noise
with independent identical variances then the noise can be represented
(Reference 8) as;
n(t) = £ Ni6i(t)
i=1
Where ¢1(t) is any complete orthonormal set over the interval
0,T and the Ni are independent random variables with variance V

as Ni(t), (1 = ,4) are white and independent with independent

variances
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Also expanding x(t) on the same basis set

X(t) = TXipi(t) for 0O<tsT
i=]1
and as X2 (t) = AgE (8)S(t) + N (t)

XA (t) = AgA(8)S(t) + M (t) then;

. T
xi gn(t)cpi(t)dt and Noi = Of NE (£)6 1(t)dt

T
i = } XA (t)¢1(t)dt and ML =  MNA(t)¢i(t)de

0
Let ¢1(t) = §(t) E = BZT
/JE
B=1
= s(t)
T

} T
X, = AS(t)gz (8)S(t)dt + 4 NE (t)S(t)dt

0

/E /E
_ 2O T e+ w,
E 0
Similarly for XAl
T, T )
XAl = ,{AS(t)gA(e)Sthdt + ,{ NA (t) S(t)dte
JE JE

XA, = AgA(8) /YE + Na

1 1

Statigtics of XZi and XAi

xzi and XAi

gaussian random variables. Consequently, both X&I, and XA, are

i

gaussian.

(8)

(9)

are both the sums of deterministic signals and




Var [Nzi}

E [ Z 7 NE(E)NE(Q)

S(t) sS(y) adt d‘y]
E JE

. Mo 12
i > ) S (Dt
: 0
= XNo
2
Similarly

Var [_NAi] E[Z Z NACE)NA(y) S(t) S(7) dt d(]

B S5

= %}’ Sz(t)dt
(6]

. No
2
E[XZI/O,AJ = E[AgZ(e)ﬁJ + E[NXJ (10)
= AgI(®) JE
E[XAI/O,A} = E[AgA(e)JEJ + E [NA]J (11)
= AgA(8) /E

- 2 i v
Var [XEI/G,A} E [(AgZ(e) AE + Nzl)f]— (Agz (8) /E) '
E [(Agz(e),/Tz)z + 2AgI(8) r/f4(NZl)2 -

(Agz (8) /E)?

=  (Agz(®) f’E)2 + -I;—"—— (Agz () /“_E)2
= No
2

- — e —

15




Similarly Var XAi/0,A = gg

Xr = ARI(8)/E + NI

XA = AgA(8)/E + NA
(At this stage,‘analysis will refer to first pulse only.)

Where the NI and NA are independent and identically distributed
gaussian random variables with mean zero and variance gg. The joint

density function (f(XI, XA)/0,A) is given by

p (£(XZ, XA)/0,A) = 1 (Xi/0,4) i=1I,A
= : 1 exp (xI-AgE(8) /) . (XA-Aga(e) /B>

" (XT-AgZ(8) /B2 + (xA-AgA(8) /)2
= exp | - 3

o

Maximum Likelihood Estimator

p (£(Xz, XA)/0,A) can be maximized by setting the partial
derivative of p (£(XI, XA)/Q,A) with respect to 8 to zero.

The partial derivative of (£(XZ, XA)/0,A) will be aided if
first the Inp (f(XZ, XA)/0,A) is found.

Inp (f(XZ, XA)/6,A) = 1InkK -

(xz-4g2(8) /B2 + (xa-apA(8) /E)°
No

= | 1nkK - XZZ-ZnAﬂe)ﬁ + (agz(®) M -
No

XAZ-zxmggz(e) JE_+ (AgA(®) /B)2
No

= 1nK-%-° x22+xzsz-2A//'i(g>:(e))m+gA(e)XA) + EAz(gEZ(eHgAz(e)) (12)

B (£(xz, X)/A,0) =|- = [-ZA E(XTgZ(8) + XagA(e)) +

2EAZ(g2 (676X (8) + £ (8)A (9))

16




- - JE [ (xmgr(e)+1asa(6)) + EA(eZ(0)gZ(9) +
8A(6) 88(0)) ]

Set
25 lnp (£(XT, XA)/A,0) = 0
Therefore,
3= lnp (£(XT, XA)/A,0) = - (XEgL(6) + Xaga(d)) +
EA(gZ(8)gZ(B)+gA(8)ga(e))
=0
Therefore;
XZgi(8) + XAgA(8) = EA(gI(8)gr(8)+ga(6)ga(s)) (13)
and
2 Inp (£(XE, XA)/A,0) = - i [2,fﬁ(gz(e)xz+ gh (8)X8) +
2EA(g:2(e) + gAz(e)ﬂ
Setting . 1mp (£(XT,X1)/A,0) = 0
Therefore; | .

2 E(gI(8)XT+ gA(8)XA) = 2 EA (gz2(8) + ga? (8))
4 (gT(O)XTHEA(BIXA)
i - EEOUIsEOD (14
E(gI”(8) + gA™(8))

Substituting equation 14 into equation 13; ,
(8Z(8)XT+gA (8)XA) (8E (B) 2T (B)+pA(8)£A(8))
2
(22 + g’

[xzéz(e>+xAéA(ej-[gz"’(e)mz(e)] - [@xra©n] - e +
YOO

XIgZ(8) + XAgA(D) =

-

17

S e i

e e e




Expanding;
[;:2<e)xxgx<e> + gA(B)XAgE(8)gL(0) + gL (8)XZgA(8)ga(8) +
g2()ga ()% | -

[ss2 @iz + gacorxags® (@ + gha()gz (o 88 ()58 (0)ma)

Therefore, after cancellation;
g4(8)8Z(0)ET(B)XA + gA(6)gZ(8)gA(OIXE = gA(B)gI(B)Xb +
g2a(6)gz (8)XT
Collecting like terms;
(£8(6)8Z(8)gA(8) - gAZ(0)ET(B))XT = — (ST(0)gZ(6)gA(8) -
gzz(e)gA(e))XA
gA(8) (8A(0)gZ (8)-ga(8)gZ(B))XE = - gE(B)(8Z(0)gA(0) -

gZ(8) gA(6))XA

2% (6)gA(8) - gL(6)gA(8))
~ (8Z(8)gA(8)-gZ (8)gA(8))

gA(B)XI = - gI(8)XA
Therefore;
ga(B8)XZ = gI(8)XA
and for the maximum likelihood estimate of O
gA(é)le -gz(6)xzs1 = 0 (15)

From equations 8 and 9

le AgZ(6) /)E + m:1

XA AgA(®) /E + NA

1

1

and

S(t) XI(t) dt
JE

i
L}
o\g

S(t) XA(t) dt
AE

L
n
o

18
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This is equivalent to performing the estimation process after
the incoming signals have been coherently demodulated.

Error Voltage ¢ produced by the maximum likelihood equation

- . A
Equation 15 states that when eML is equal to 6 (angle off
boresight of the target) then;

gA(G)XZl - gz(a)XAl is equal to zero. When aML does not
equal 6 then equation 15 will equal some number other than zero.
This number is the error voltage and through the discriminator
(e to 8 mapping) a ? estimate of the angle off boresight can be
made. Setting equation 15 to ¢
e @)X, - gr@®xa = ¢ (15a)
where € = 0 when 8 = ©
e # 0 when 8 # 6
Statistics of ¢
E [e]= gh(®) E[x) - g2(® E [x
from equations 10 aﬁd 11
E[e] = ea(®)agz(e) /E - gz(8)aga(e) /E
Efe] = a/EGa@)Ez®) - gz®aa(e)

If 8 = 8 then

Ele] = o (16)
Var fe ] =E [<8A<9>><2-88(6>XA)2] - a%E(gn (0)gI (8) g2 (8) 88 (6))
= E [z;/sz(e)xz2 - 2gA(6)gI(8)XTXA+ gzz(e)mz] - 2
'[EAngz(e)gZZ(e) + 32 ga2e) + P gr2(e) -

2e%1(8)88%(0))

E[mx] = E [(gre) /E + W) (aga(e) /B + n))]

= E [Azsgz(e)gA(e) + AgZ(8) /E NA + AgA(8) /E NI +
NZNA]

2gA(6)gZ (8)E [xzxﬂ —e2 4R

19
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W

- A%Egr(e)gae) + E [Ny

after cancellation of zero terms; AgI(8) E NA, AgA(6) E NI and
var [c | = ma%gr?(0)enl(d) + X[e?®) + g2%8) -
2Ea%gz (0)g8 (0)ga (B)gz (B) -
€2 4 ra%gr?(0)gr?()
- m’ [l @n’®) + e’ ®a’6)] - 2 mlar sz @er®
+ I;—O[EAZ(G) + gtzﬁ;] -2
™2 = A%E(ga(B)gE (8)-Z(8)ga(8))?

= a%E(ga%(8)gr%(8) - 2gA(8)gz(e)gr (B)ga(e) + gz2(8)ga%(e))

-2 2 A A A
e? = -a’m(er?(Brer?(e) = g22(0)ga%(0)) + 24%EpA(8)gr(0)gr
A
(8)gA (o)
Therefore other cancellation;
A A
Var € = gg [gAz(e) + giz(eﬂ an

The density function of € is the sum of two gaussian functioms

that are multiplied by constants gA(6) and gZ(8), and is consequent-

ly gaussian with the following statistics with 6 = 8 ;
Py = 0 (16)
2 - Nof,2a 2.4 an
c 2> [6%®) + e2%®)

Statistics of A estimate

from Equation 14

A = (gR(8)X + gA(B)XA)
/E (gx2(0) + ga2(e))

20

RVRUSVRPPRSEI SR




A 1
e [R] + ” o [sm®E xx + sa®E (%)
E(gL7(0) + gA“(8))

let

1

K - A A
E(gz2(8) + ga2(5))

from

M4 = k[e2(Baez(e) JE + eadraga(e) /Y

= K A/‘f[gz(é‘) gr(e) + gz(é‘)gA(e)]
E [ﬁ/‘g _ A [gzgezzgfgeg + gzzAge)gage)I (18)
gL (8) + gA”(b)

Under the condition of 3 = 0 ; then

E [K/A] =~ A (19)
Therefore, if 8 = 6 , then the estimate of A is conditionally

unbiased.

Var [3/ A]

A A - 2
lez@xz_+ gayxa)) 24 A
e @’ ® + 8@

-2 7 E (@@ + g x)?/a) 42

E(gz2(8) + ga’(8))

1 ] [
E(gZ2(8) + ga’@))?

gAz(é)XAZ)/AJ -A

20,0042 A A
(8°T(8)XT + 2gZ(8)gA(B)XTXA +

2

let;
1

A A
E(gZ%(®) + ga?(8))?

var [i74] = ke [ ®) (%@ + g2 @) SEN + (0D 4+

207 (8)gh (8) (AgZ(0) P/E + NE)(AA(B) /E + M) +

g2 (8) (%% (0)E + 288 (8)/F m+ ()2 ] -a?

21




- & [a%e% ®)8%(®) + e + 261 (8)8a(P)ARBZ (0)8A (0) +
2 2 No] 2

A°Eg A(e)g A(e) + g°a65

= K [A E g z(e)g I(e) + g A(e)gza(e) + 2gz(€)gA(6)gz(e)gA(e))+
N TOREISION)
again let % =0 ;

» 1
Var [A/A| =
[ira] E(zz2(8) + ga%(e))

7 AZE(gEZ(e) + gAZ(e))2 +

No _(.822(9) +&Az(ﬂ) -a2 (20)
2 (g%x(0) + grd(e)?

after cancellation;

Var [A/A] . (21)
(gz (0) + gA (e))

To determine if the conditionally unbiased estimate of A
is an efficient estimate then the conditional variance equation 20
needs to be equal to an established lower bound, (Cramer-Rao Bound,
Reference 8).

Cramer-Raoc Bound (Reference 8 )

var [a/4] > (5[ finp (o, xa) /) Z_.D’l

2 "1
o e wm) )
dA

from equation 12;

1
Inp (£(XX, XA)/0,A) = 1nK - No x?+x?-2a E (g (o)X +

ga(0)x8) + EAZ(gz?(8) + gal(e)) (12)

3

3 2 E(gZ(9)XT+ gh(8)Xa) +

-1
3 1np(£(XZ,XA)/0,A) = o=

. 2EA(gz2(0) + ga2(e))

i i




[P

e e

2 1
2 1np (£(XI, X8)/6,4) = - No 2 E(g’L(6) + ga%(8))
A 22 E , 2 2

-E{ —= 1lnp (£(XI, XA)/0,A)| = Yo (g7z(e) + ga"(8))
Y

N

-E [—35 lnp (£(XE, XA)/O.AJ - 22 @ (o) + ea’e)) (22)

%A
Equation 22 is equal to equation 21 consequently, the estimate of A
is an efficient conditionally unbiased estimate and can be used in
the implementation model to determine 8.

Maximum likelihood estimate using two pulses

The analysis of the system has been done assuming only one
pulse. The analysis will now be extended to two pulses as in

Figure 9.
A

T Z
S 5%
“-&‘

AMPLITUOE

T A L4T

)f:-—-—av
Figure 9. Two Receive Pulses
XZ(t) = Agz(6)S,(t) + AgT(8)S,(t) + N(t)
Xa(t) = AgA(8)S,(t) + Aga(8)S,(t) + NI(t)
Using Gram Schmidt Orthogonalization procedure, decompose the input
signals into two dimensional random variables.
XE(t) = XE,S14,(t) + X2,5,4,(t)

XA(E) = X856, (£) + X8,8,0,(t)

Where XX = (XI,, X,)

XA = (XA, Xa
14

2)
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Given that 8(t) is constant during pulse and during the pulse

repetition interval.

Therefore,

doct) . 4

dt
Then () will not change during the pulse or from pulse to pulse
80 gi(e) (1i=Z,4) will remain constant from pulse to pulse for [

channel.

T
5, = AgZ(6) 0/ S(t)¢, (£)dt

AgZL(®) }’ sS(t) _1_§ dt
(0}

Agz(8) /E
, = AgZ(0) Z S(t)4,(t)dt

n
"

T

S(t) i dt

Agr(8e) 3

Agz(e) /E
Similarly for A channel
S, = Agd(e) /E .

, = Aga(8) /E

S

Therefore,

XL = (Agr(8),/E + Nr_, Agz(e)/E + Nz,)

1’

XA = (Aghr(8)JE + NA,, AgA(8) /E + Na,)

Now to write p (X, XA/0,A)

Since NI and NA are independent

_a T TR P T

p(XT, XA/0,A) = b(XZ/0,A) P (XA/0A)

24




and since NZl and NEZ are independent and NAl and NA2 are
independent;

b(XL, XA/0,A) = b(XI,/0,A) P(XE,/0,A) b(X8,/0,A) P(Xa,/0,A)
theréfoie,

b(Xz, XA/9,A) = K exp [— %% (le-Agz(e)/-E) + (xzz-Ag}:(e)/"-l':)2

(Xa,-4gA(8) E)® + (Xa,-Aga(8) /B>

lnp (Xz, Xa/0,A) = 1nK =~ %1; [(XZI-ASZ(G) /7‘3)2 + (XZZ-ASE(G)/TE)Z
+ (XAl"AgA(G) ,/TZ)2 + (XAZ-AgA(e)/E)ZJ (23)
For Estimate of A
%i—‘zp (Xz, XA/0,A) = - %5 [Z(le - Agz(8) E)(-)gr(e) /E +
2(xz, - Agz(8) E)(-)gi(e) /E +
2(xa, - Aga(8, E)(-)ga(e) JE +

1

2(Xs, - AgA(B) E)(—)gA(e):"EJ

setting %K Inp (XZ, Xa/0,A) =0

0= -legz(e),/_'r: + AgEZ(G)E ~ xz?_gz(e) /E + AgZZ(B)E -

- Xa,8A(8) JE + Ang(e)E - Xa,8(8) AE + AgAz(e)E

2AE(822(9)+8A2(9) )=/E [gz (s) (XZ1+X22)+gA (®) (XA1+XA2)]

Therefore;

A e BT(O)(XT 4XT,)) + gA(0) (A +XA,)

2 E(gz2(0) + ga’(e))

(24)

25
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For Estimate of 8

From equation 23;

Agz(e) E)(-)Agz(e) /E +

9. 1
35 Inp (X2, X8/6,8) = - &= [2("”1

2(X5, - AgZ(e) E)(-)Agz(e) JE +
2(Xp, ~ Aga(8) E)(-)AgA(6) AE +
2(Xs, ~ Aga(6) E)(-)Aga(e) /T‘s]

setting-%glnp(gz,_§A/O,A) = 0;

0= -AJE leéz(e) + AZE gz(e)éze-
-AE xzzéz(e) + A%E gz (0)gTe-

~AdE Xaga(0) + A%E ga(0)8A(0)-

2

- JE X8,g8(9) + A’E ga(0)8a(0)

0 = -g5(6) (XE,+XE,)~gA(6) (Xa,+X4,) +

24 E(gI(6)gr(8)+gAa(8)gA(6))
using equation 24;
2 JE [gz(e)le+xz2) +gA(e)(XA1+XA2)] -[gz(e)éz(e)+gA(e)éA(e)] =

2 /% (gz%(0) + ga’(o)

'] L]
gI(8) (XT +XI,) + 88(0) (Xa,+XA,) (25)
Cross multiplying;
[zzz(e)éz(e)(nl+n2) + 8A(0)gZ(8)Z(0) (Xa,+XA,) +

sz(e)éA(e)sA(e)(xzf x,) + gAz(e)éA(e)(XAfXAzﬂ =




—

812(0)82(0) (XE+XE,) + gI2(8)EA(6) (XA, +Ka)) +

-

%08 (6) (R +xr,) + 8a’(0)2a (o) (Xa *¥n )

B (0D (8)Z (8) (W4 4% ,) + gz(e)éA(e)gA(e)(Xzszzi -

kzzméue)(mlmz) + 8a(0)8z (0) (31 + Xr,)
[EXA1+ Xa ez (8) (ea(e)ez (6)-gn(e)aa(a)) +
+(x21+x22)gA(e)(gz(e)éA(e)-gA(e)éz(e))] =0

(ga(8)gz (8)-gz (8)ga(e)) (XA1+XA2)82(6)-(X21+X22)8A(6) =0
therefore,

(ml+:'A2)gz(e)-()o:1+ xxz)ga(e) = 0
or;

()m1+xz2)ga(e)-(m'l+m2)g2(e) = ¢ (26a)

Each received pulse is processed indivyidually and no cross
terms exist. The analysis of the single pulse consequently holds
for more than one pulse.

The effect on error voltage € from using more than one pulse

%
Using equation 26a; !
E

let;

“1’;’”2 &(8)-"“1:’“2) g6 = ¢

27




XA XA
A -~
alegA(e) + %XZZgAe S | gEg -2 gI(®) = ¢
2 2

1XE,8A(8) - }XA,T(8) + 4XI,ea(d) - MXar(d) = ¢

% X ga(8) - xa82(B) + % Xryga(d) - Xaer(®) = ¢

from equation 15a;

Lse 1t % €, = € 27)

This states that the error from one pulse can be added to the error
from the second pulse and the final error averaged to obtain a new
error. As the mapping of error e to estimate angle 6 is a one to one
mapping, each 3 estimate obtained for each pulse can be added to the
next 6 estimate for the next pulse and then averaged.

Inplementation of the error € to § estimate discrimination

Using equation 15;

gA(8) Xz + g (® Xa = 0 (15)

]

Assuming no noise, NI NA = 03
ga(B)agz(e) E + gr(®aga(e) E = ¢

Using equations 6 and 7;

sin koa sin (6- %) sin koa sin (& + %) - sin koa sin(s- %)]

koa sin (6 - %) koa sin (8 +‘%) koa sin (8 --%)J
As this equation is a combination of sine functions and cannot be (28)
reduced effectively, the digital computer will be used to produce a
series of 6 estimates for various errors ¢ . The error voltage

resulting from the estimator will then be compared to the various

errors and a corresponding 6 estimate chosen. This estimate will then

28




be averaged with preceding estimates to account for multiple pulse
processing.
From equation 28 EA scales the set of e/g curves, As A is
unknown, (A is contained in the incoming signal), then the estimate
A
of A, equation 14, is used to estimate A and 1s used to scale the
N
£/8 curves.

From equation 14;

(82 (B)XT+gA (8)XA)
E(e?z (8)+202(8))

A
A=

A
A is a function of both © and the amplitude of the incoming
N
signal. Only when 3 = 0 does A = A, therefore, the scaling of the
A
£/8 curves will change for every pulse.

The tracking Loop

The system at this stage has estimated an angle 8 from one or
more pulses. From equation 27 and the discussion following equation
27, the 3 estimate from successive pulses could be averaged.

The tracking loop can be completed in two methods as

follows:

A
a. 50 pulses can be used to estimate 50 6, estimates.

i

These estimates can then be averaged to produce a

A
8 estimate angle off boresight, (Figure 10) as

follows:

Fal
The & estimate can then be used to steer the antenna.

29
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Figure 10.

b.

Implementation of System (a)

Over 50 pulses, each pulse can be used to derive a
&3 estimate and this Ag estimate averaged with the
preceding A6 estimates. This average Ag estimate is
then added to the current estimate to form a new
estimate which is fed back to the‘estimate antenna
functions gz(g) and gA(a). The next estimate is
then derived using these updated antenna functions,

(Figure 11).

5 4=1 (4-1)88, 4a8, ;1=1,2,...50
A 7 (-1, ,+a8, 5 1= 1,2,...

A 1 n ~ ~
8, =7 (1-1)as, _ +ab, 40, . ; 1=1,2,...50
where - =0
n 50 1 - 2
8 T (~Dae,_ +ad,
(30)
1=1

30




This system is equivalent to a tracking loop

A
(Reference 11) which updates the estimate of §
estimate based on the error ¢ produced from the

preceding estimate.

406

Xg

7

956

Figure 11. Implementation of System (b)

Implementation of Tracking Loop

P

Using equation 14, a digital computer program was written
to implement each block of Figure 12.

The error ¢ voltage was determined by implementing equation
1lla directly using the digital computer. The pulse width T was taken
to be 20ms and the number of noise samples from a gaussian noise
generator was 100. The first estimate value of g used in the feedback
or estimate antenna functions gz(g) and gA(a), was arbitrarily taken
to be zero. The error voltage ¢ was then compared to a set of

numbers generated by the discriminator. Each of the discriminator

31
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boresight.,

A
The probability density function of 6 is unknown. Also the

A A
expression for 6 1is unknown as 6 is contained in the expression for ¢
whicﬁ is the sum of sine functions. The lower bound for the variance

N~
of 6/6 can be determined using the Cramer-Rao Bound (Reference 8).

var [6/9] > @[gg Inp (£(XZ, XA)/A8) 2]> B
el 1n , X8)/ >'1
> <E[ BAzlrp(f(XZ Xa Ae)]
var [6/e] > (—E [g—e - %= -2 E (i) + xeéa(®) +

2687 g1(8)z(8) + ga(8)Ea(d) ])'1
(—E
2 [T A [ A 2 A e A
2EA” (gI(e)gr(e) + (gr(6))” + ga(e)ga(e) +

@eny) )

Using E [xz] = Agz(6)/E and E [XA]= Agz(8) /E

v

—

- %q; - 2A E (XZgI(8) + XAgA(8)) +

var  [o/] > + 247 B (-gz(0)EE(e)-ga(e)gh(6) +

A 4o A ¢ A 9 A o0 A . A2
gZ(0)gz(8) + (8Z(B))° + gh(8)ga(8) + (gA(8))™ (34)
A
Equation 34 was derived for the lower bound of the variance of ©
A
or the best possible case of the variance of 6. 1In this case, the

A
best possible estimate is when 3 =0, Using 6 =6 ,

2 " N
Var [8/3] 2 [25‘: (-gZ(8)gr (8)-gA(8)gA(8) +

" s 2 ‘e * 2 -1
gZ(8)gr(8) + gI"(8) + ga(8)gA(6) + gb (e))]

33
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2 -1
[l 2 L ]
> [——23‘: @) + gAz(e))J
) No
. 2 .
26 (3r%(0) + ga%(e)) (35)
Using equations 6 and 6a; need to find gzz(e) and gAz(e)
d d
sin | koa sin (6+ %) sin | koa sin (6 ~ %)
_ 2 2
A koa sin (6+ 5) koa sin (8 - —2-)
d d
sin [koa sin 6 cos - + koa cos 8 sin —]
- 2 2 +

koa sin 6 cos % + koa cos o sin%

[ Y[~
e

sin [koa sin 6 cos % - koa cos 6 sin

koa sin 6 cos % - koa cos 8 sin %

Using equations 5 and 6

koa = 43.0003097 and % = 1.2375°

The value of (gzz 9) + ng (8)) is evaluvated in Annex A.

From Annex A; Var [9/1.5} > No
2E A% 4.7276 X 10°
vwhere %12 = crz] (variance of noise)
A =1
E = T = 2%x1072
34




1.5° angle off boresight

TABLE I. Computer runs conducted with a constant target at

SR

A 1st Pulse 50th Pulse
gg Var L§/1.5° Var 6/1.5°
.01 1.0576 X 1073 2.1152 X 107°
.09 9.5186 X 1073 1.904 x 10~
.25 2.644 X 1072 5.288 x 10™°
1 1.05 x 1071 2.115 x 107>
4 4.23 X 1072 8.46 X 1072
9 9.5186 X 1071 1.904 X 1072
25 2.644 5,288 X 10™2

for 50th pulse;
No

v [S/I.Sﬂ = 2 > '1

50th pulse 50EAZ X 4.7276 X 10

’ v [e/l.s‘j %2 H
§
i

Nth pulse N EA® X 4.7276 X 10° :

From equation 35 the lower bound of the variance of 6
estimate is a function of the noise power, the amplitude of the |
incoming signal and the change in the two antenna functions. "

In the computer model runs, the noise power and the amplitude
of the incoming signal are held constant for each individual run

but in the case of a moving target, the antenna functions will

it

change with change in angle. This will cause the variance estimate I

to change also with each new angle.
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Moving Target

All theory investigated so far has assumed a constant target.
However, a tracking radar needs also to track a moving target. For
the éoﬁbuter runs with a moving target, the target will assume to
move from -1.9° to 3° in 50 pulses.

In the constant target model progressive averaging of the A
was done over the 50 pulses. As the assumed moving target is almost
covering the whole »adar's angular limits within 50 pulses, pro-
gressive averaging over the entire 50 pulses cannot be done. To
determine how many pulses to average and what type of averaging is
to be done is a control problem and is not within the scope of
this thesis. Consequently, no averaging will be done and each
estimate will be fed back to the estimate antenna functions to
be used to correlate with the new pulse. The investigation of the
moving target situation will be limited to investigating the radar's
ability to track a moving'target with no averaging of aS@.

Output of the tracking loop 3

The estimate © of the tracking loop was investigated in
three methods for each of the target models.
For the constant target, the three methods were as follows:
a. For a given noise seed starting value the estimate 6
mean, variance and (mean/variance) square was plotted
for a run of 50 pulses, This was repeated for
signal to noise values of 40db, 20db, 14 and 6db.
b. A criteria based on variance and (mean/variance)
square was chosen by experiemnt to determine

whether lock or no lock was achieved during the

36




50 pulse run.
¢. The probability density function of 8 was plotted
using a histogram approach (Reference 7).
For the moving target, the three methods were as follows:
a. For a given noise seed starting value, the
estimate 6 was plotted for a run of 50 pulses,

b. The probability density function of 6 was plotted

using a histogram approach.

c. A criteria based on mean square error of the

estimate to the non-noise tracking value was
chosen to determine lock or no lock was achieved
during the 50 pulse run,

The density functions of the constant target and the
moving target can be derived in many ways. Two such methods
are the Histogram Approach (Reference 7) and the Gram Charlier
Series Approximation (Refefence 5). However, only the Histogram
Approach approximation will be used.

Histogram Approach (Reference 7)

The limits of & were chosen to be -3° and 3°, This line
was then divided into 30 points or 0.2° increments. The occurrences
of 6 estimate in each increment was then counted with the resultant

number divided by the number of runs (50).

N
Therefore; P (8) = Eaggci

81 N




6 , = cell center point = -2.9, -2.73::;2.9 ]

i
N = 50

1
1; -0.1< 8 - g < 0.1

occi=0; -0.1>6 - 6,> 0.1

mean 3
A 30
Eff] Fr@), o, ‘
1=1 1 T
|
Variance
2 E
Al 30 2
Vax{-e_l- < p ®) ei ei -(E6 ) ;
i=]
Gram-Charlier Series (Reference 5) ‘
When many random variables are summed, the control limit
theorem of statistics states that the probability density of the
sum random variable approaches the gaussian distribution. The

Gram—-Charlier series is an orthogonal polynominal expansion whose
first term is the gaussian density function. In this case, the
second order of approximation was used. Accuracy of the density

function is increased if higher orders are usgd.

1 2 1) A -2 4
p@) =22 ¢ Pb-3 (36) |
O 1=0 i
i = ~ A 4
_ (=D 5 -8 A .
C1 i*—-'mp(e) Hi de

Where when evaluated

cC =1 first order

C, = - %‘ 3 second order 45




3 is the 3rd central moment of p(8) normalized by 03

« - 3
1 [ n A A
- = (6 -6 p(s) db
L A
if Mn denotes the n the central moment of p(8)
M= J o%p(e) de
m, -~ 3mm, +2m

then 3= 3 2 1 1

and H, e-e> (e—e) 3(8-%
[o]

and (35) (é — e) & 1: e 2 /8—7_—;9:)2 Hi (@G:_é-)

3

w}

Therefore after substitution in equation 34

P(8) =




III DIGITAL COMPUTER PROGRAM

Digital Computer Programing was utilized using FORTRAN 5.
The main flow Flow Chart is in Annex B. The basic tracking loop was
impléme;ted using subroutines called from Program Main. Variations
in the output were then conducted within Program Main. Listings for
the basic program are in Annex C.

Basic Tracking Loop

Ten subroutines were used to implement the basic tracking loop.
The subroutine ERID was used as a mainline calling subroutine to the
other subroutines.

Subroutine FNE

This subroutine implemented the basic tracking loop with calls
to all the relevant subroutines except noise. The purpose is to
create a ¢ to 6 curve. This is only one curve which was created
and the scaling of A estimate was not done within this program. With
each change in 8 estimate‘%ithin the tracking loop A estimate changes.
Therefore, the basic e to 3 curve need only be created once with scaling
by the current A each ﬁime ae to'@ curve isrrequired. The ¢ to 8
curve was created by holding the input angle at 0° and varying the
8 estimate from -2.8° to 2.8° in 0,01° steps. This created a set of
€ voltages which will later be compared with the ¢ from the actual
tracking loop to determine a 8 estimate which would cause the system

to have 0° off boresight.

Subroutine ERID

Subroutine ERID implemented the basic tracking loop with calls
to subroutines XPAT and ERROR. The basic loop included noise as well

as some defined input signal. The resultant error voltage ¢ was scaled
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by A estimate and then compared to the ¢ to 6 curves. The

resultant 8 was then returned to Program Main as the new ¢ estimate
to be used on the next pulse processing.

Subroutine XPAT'

XPAT created the XI and XA signals and then derived the
voltage which was handed back to Subroutine ERID. XPAT called
subroutines NOISE, SDPAT and ESTAN. The input to this subroutine
is EST which is the current value of § estimate.

Subroutine ERROR

The & produced by XPAT was scaled by A estimate in ERID and
A
then compared to the set of ¢ to 6 (curves created in FNE) in ERROR.
The resultant 6 estimate going back to ERID.

Subroutine NOISE

An IMSL routine GGNML is called from this subroutine. GGNML
creates a gaussian vector with a given seed starting point. The
output vector (R(I)) is géussian where

R(I) = (Y(I)S + M

where Y(f) is gaussian zero mea;
unit variance
S 1s chosen variance

M is chosen mean

Subroutines SDPAT, SINC, ESTAN and ESTDEG

These subroutines implement the antenna functions gZ(8) and

gA(e).
Subroutine MEVAR

This subroutine was used to derive the mean and variance of all

past 0 estimates for any given run of 50 pulses.
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IV _RESULTS

The results of the computer program runs are divided into two
sections; a constant target with 50 pulses are sampled and progressive
aver&gidg of the incremental error estimate is done for each pulse,
and, a moving target with constant velocity where no averaging of the
incremental error is done over a run of 50 pulses.
Constant Target

A plot of mean, variance and (mean/variance) square was plotted,
(Figure D1, D2, D3, D4), for signal to noise ratios of 20db, 1l4db,
10db and 6db. These plots are 'once only' runs in that the same noise
seed starting point was used and consequently are meant to be typical
examples of the radar model tracking in various noise conditioms.
Each of these plots demonstrates the radar model's ability (variance
of the estimate) to estimate the angle off boresight (1.5o off bore-
sight), of the target for the various signal to noise conditions.
The mean shows the progreséive mean of each of the estimates over the
50 pulses, and the progressive variance of the estimates over the 50
pulses, and the progressive variance shows th% relative deviation of
each of the estimates for pulses 1 to 50. The (mean/variance)
square plot shows the relative goodness of the mean and variance
combination. Due to the averaging of the incremental estimate A6
in the discriminator, then the variance should be expected to decrease
for each pulse and asymptote to a particular value. On the other hand
(mean/variance) square should increase for each pulse. Both of these
conditions are for a locked system. If variance increases and
(mean/variance) square decreases, then the system is considered to be

unlocked. These criteria are good measures for lock or non-locdl:
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conditions when the system is working well above threshold or well
into threshold. Around threshold the (mean/variance) square approaches
1 for the locked condition, however (mean/variance) square must still
increase for a locked system. |

From Table I a lower bound variance is possible of 2.644 for
a signal to noise ratio of 6db. However, an accuracy specification
for the system needs to be assumed. Assuming an accuracy of + 0.50,
then the lower bound on the variance needs to 1. This equates to a
signal to noise ratio of 10db.

From the plots of mean, variance and (mean/variance) square, the
20 and 14db runs (Figure D1, D2) were both lock situations but the
10db (Figure D3) and the 6db (Figure D4) resulted in non-lock. The
6db run broke lock on the fourth pulse and did not demonstrate any
indications of regaining lock. The 10db (Figure D3) run did not
break lock until the 15th pulse. Although the mean did track the
target, the increasing variance indicated that if the system was

allowed to continue for more than the 50 pulses, the mean would also

|

break away from the tracking value. The variance tended to oscillate

with the mean of the variance increasing. Also, the value of (mean/

variance) square had started to decrease suddenly by the 35*h pulse.

Under the criteria of increasing variance and decreasing (mean/

variance) square indicating a break lock condition, the 10db run is ;;
considered to have broken lock. However, within the 50 pulses the ‘
mean tracked the target and the variance increased slowly (1.5 over -
50 pulses). This run is an indication of threshold.

The plots of probability of 6 versus 6 (Figure El1 through E24)

display runs of 50 different noise seed starting points for signal
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to noise ratios of 40db, 20db, 14db and 6db. Each plot demonstrates
the probability of € versus 6 at pulses of 1, 10, 20, 30, 40 and 50
for a particular signal to noise ratio. All of these plots were

derived»by the Histogram Approach (Reference 7) using a cell width

s s,

of (.4%).

The 40db plots (Figure E1 to E6) show the relative frequency
(out of 50 runs) of a particular ¢ estimate. Figure El1 shows that
all 50 runs chose an & estimate within 1.0° and 1.4° with a center
or mean of 1.3° as all values are within one cell width the variance
is equal to zero. On the tenth pulse (Figure E2), the mean has now

moved to 1.56° and the variance is 8.4 X 10-3. This indicates an

increase in variance but the 20, 30, 40 and 50th pulses (Figure E3 to
E6) show a decrease in variance until the 50th pulse (Figure E6) shows
a mean of 1.5° and a variance of zero (all © estimates of the individ-
ual runs within one cell). This agrees with the computed variance
estimate for the 50th pulsé of 2.1152 X 10-5. This is most certainly
within the .4° cell width.

For the 204b plbts (Figure E7 to E12) tracking variance close

to the computed variance estimate was obtained.
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TABLE II. 20db Comparison of Computed and Actual Var [e/ﬂ

Pulse Mean Var [&’ 9-} actual Var [a/ 9? Computed
1 1.308 .0911 0.1058
' 10 1.86 .0515 0.0158
20 1.568 .03937 0.00529
30 1.668 .0742 0.00353
40 1.604 .0516 3.77 x 1073
50 1.52 .0612 2.115 X 1072

The pulse 1 plot (Figure E7) indicated a variance very close
to the computed value (difference of .0147). As the number of pulses
increases (Figure E12) the actual variance does not decrease as
quickly as the computed lower bound of the variance estimate. How-
ever, this difference can be partially accounted for in that the
computed variance estimate is a discrete lower bound estimate where as
the actual estimate is based on a cell size of 0.4°. The final mean
1.52 (Figure E12) and variance of 0.0612 gives a final 8 estimate of
1.27° or 1.77° which is well within the tolerance of 1.5° + 0.5°.

Again, the initial variance of the 14&% plot was very close
to the computed variance estimate of Table I.

TABLE III. 14db Comparison of Computed and Actual Var [e/d

Pulse Mean Var [6/4 Actual Var [é/e] Computed
1 1.432 L4554 .423
10 1.524 .238 .0423
20 1.668 .181 .0212
30 1,584 . 344 .0141
40‘ 1.56 .216 .0106
50 1.556 .26 .0085
45
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generated numbers corresponded to an angle off boresight. Once ¢
was found to be within the limits (equating to § + 0.01°) of a
discriminator generated number, then a corresponding angle off
boreéigﬁt was chosen. This angle was then added to the original
estimate of zero and this new estimate was then used as (6) in the
estimate antenna functions gt(s) and gA(8). The process was now
repeated, but with the resulting angle off boresight from the
discriminator being averaged with the previous angles from the
discriminator before being added to the previous or existing value
of 6. This new 6 was then fed back and used to update the estimate
3 used in the antenna functions gz(ﬁ) and gA(@).

The digital computer implementation will now process a number
of returns from a target and produce an estimate value of 6, (averaged
over the number of pulses processed), for the angle the target is off
boresight. This angle of 6 can now be used to update the angle 6
in the antenna functions gi(e) and gA(8). In a real system, a
servo motor (as opposed to phased array) is usually used to steer
the antenna. The effect of the servo is to é§erage all incoming esti-

mates with a turning to the resultant mean.

Statistics of ©

The problem is now to determine how many pulses to process,
(mean of 3 = §) and to what degree of certainty (variance of 8), that
N
8 =8,

3 is derived via the discriminator from €. Under noise

~
conditions, the mean of ¢ is equal to zero only when 6 = 8. As ¢
A A

and 6 is a one to one mapping, then the mean of 8 in the limit as the

number of pulses processed becomes large (infinity), is the angle off
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R gt 5 = 15

: As the number of pulses increase, the variance decreases from

pulse 1 to pulse 10 but then oscillates around an average value of .28.

This is a very good indication of threshold where the variance is not
decrehsiﬁg significantly but also is not increasing. Plots for
pulses 1, 10, 20, 30, 40, and 50 (Figure E13 to E18) show the mean
unchanged. The final mean 1.556 and variance of .26 produce an
estimate © , 1,556 + .509 which is just outside the assumed limit of
1.5 + .5° (2.06° and 1.04%).

As can be expected, the 6db plot (Figure E19 to E24) demonstrated
a system operating beyond threshold.

TABLE IV. 6db Comparison of Computed and Actual Var [ﬁ/ﬂ

Pulse Mean Var [6/5 Actual Var (é(ﬂ Computed

1 1.46 1.44 2.644

10 1.396 1.25 L2644 )

20 1.656 1.71 .1322 :

30 1.564 1,26 .088 .
\

40 1.504 1.64 .066 3

50 1.632 .97 i .05288 ‘

The system still demonstrated a mean tracking of the target.

From Figures E19 to E24, the system displayed a correlation at 3°.

This was caused by a routine within the model which limits the range
of the system to'i3°. As the variance of this system was large

(average of 1.38) each individual pulse numbers standard deviation

took the estimate to the outer cell. Consequently, all estimates .

which exceeded this cell were lumped into its histogram. ﬁ
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Probability of Break Lock

To determine a probability of break lock, an assumption needs
to be made as to exactly what constitutes a break lock. As has been
showﬁ, the system can still track the target but have out of limit
estimates. This will only occur when the out of limit estimates do
not exceed the discrimination limits of 12.80. If the system tracks
a target but the estimate is out of limit, then the system is not
operating as specified, and, consequently will be considered to have

broken lock.

From Tchebycheff inequality (Reference 9);

—

p(e-n)>ko_<_ k2
assuming as before k = 0.5° n=E
02 = Var 6/9
Table V gives a comparison of the probability that the system

will be within tolerance (iO.So) at the 50th pulse. Table VI gives

a comparison of the probability of break lock of the system at the

50th pulse.
2 PA

p(n -g < B9 < n‘+ 6)3_ ii

TABLE V. Comparison of Probability of Lock

% n 02 n-~-.5<8<n+.5>
40db 1.5 2.1152 X 107° 1
20db 1.52 0.0612 .98
14db 1.556 .26 .73
6db 1.632 .97 0

48




g s e

TAVLE VI. Comparison of Probability of Break Lock

.% n Break Lock Probability
40db _ 4 1.5 0
20db 1.52 .02
14adb 1.556 .27

6db 1.632 1

Moving Target

Plots of the estimate (Figure Fl to F4) over a run of 50
pulses for signal to noise conditions of no noise, 40db, 1l4db and
6db. These plots were made to give an indication of the tracking
ability of the system for a moving target (—l.9° to 3.0° over 50
pulses) and no averaging from pulse to pulse. As was seen in the
constant target case, the system should track the no noise value
of the estimate on the average but in the moving target the variance
of the estimate cannot be expected to decrease with the number of
pulses (no averaging). Iﬁ the above cases, the radar tracked the
target but with varying degrees of accuracy.  This accuracy will be
determined from‘the probability of 8 estimate versus (] plots.

The 40db plot (Figure Gl to G6) shows the mean changing
from -1.1° to 2.9°. The maximum variance for any of the 50 pulses was
0.009984 on pulse 27. This equates to an accuracy of 0.1° at a mean
value of 0.796°. The angle for the non-noise case at pulse 27 is 0.7,
This gives an error at most of 0.196° which is well within the assumed
accuracy criteria of 10.50.

The 14db plots (Figure G7 to G12) show the mean changing from
~1.196 to 2.752. The maximum variance for any of the 50 pulses was

0.374 on pulse 30. This equates to an accuracy of +.61 at a mean
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value of 1.028°. The angle for the non-noise case at pulse 30 is
1°. This gives an error at most of .89° which is outside the
assumed accuracy criteria of 19.50.

The 6db plots (Figure G13 to G18) show the density function as
a relatively uniform function (variance greater than one). The mean
of the estimate did track the target with indications of -1.092° to
2.4160, but with a maximum variance of 2.243 on pulse 17. This
equates to an accuracy of jﬂ.498° at a mean value of -.368°. The
angle for the non-noise case at pulse 17 is 0.3°. This gives an
error at most of -2.178° which is well outside the assumed accuracy
criteria of ip.5°. Again, correlation occurred at the 3° cell. This
causes an artificially smaller variance at these angles.

General

In all cases of computing accuracy, the control problem of the
system has been overlooked. This problem is when to turn the antenna
(how many pulses) and on what value to turn the antenna (estimate on
some form of mean or average). As long as the system is in a lock
condition, the threshold could be extended by using an average or
progressive mean in the constant case. In the tracking case, this
problem is outside the scope of this thesis.

The lock no lock conditions in general can be determined from
the relative scope or change of the variance or (mean/variance) square.
If the variance decreases and the (mean/variance) square increases,
then the system is locked. For the moving target tracking problem,
no relationship can be determined for the variance as the number of
pulses.lncreases. However, the lock, non-lock conditions can be

determined by examining the mean square error of the estimate in
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relation to the non-noise tracking value. If this exceeds the

specified limits, then the system is either operating under too low
a signal to noise ratio (in our case, threshold is approximately
20db) or the system has broken lock and is no longer tracking.

In this example, the specified mean square error limit was 0.25

+0.5%).
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V__CONCLUSIONS AND RECOMMENDATIONS

Theory Conclusions

The estimation system is to be implemented to model the

Amplitude Comparison Monopulse Radar is as follows;
A T A T,
28(8) JXE(t)S(t)dt - gZ(8) /Xa(t)S(t)dr = ¢
0 0

A
Where ¢ = O when 6 = ¢
The amplitude estimate A to be implemented so as to estimate

the amplitude of the incoming signal is as follows;

2 - (2T (B)XT + gA(B)XA) where; A=a
2 2
E (gZ7(8) + gA™(8)) Var LK/A] - _1;3 1 - .
gr(e) + ga“(8)

This A estimate was found to inversely vary the ¢ to 8 curves
of the discriminator.

The antenna functions to be implemented were found to be as

follows;
gz (0) = sin [koa_sin (o+ %)] + sin [koa sin (8~ %ﬂ
koa sin (8+ ";') koa sin (8 - —;—)
gA(8) = sin [koa sin (0 + '%)] _ sin {koa sin (6 - -%;J

koa sin (8 + %) koa sin (6 - %)

Where koa = 43.0003097

= 1,2375°

£
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. The Aa estimate output of the discriminator can be progressively

averaged for a constant target. Averaging other than progressive aver-

aging over the entire 50 pulses needs to be done for a moving target.
The lower bound of the variance estimate for the B estimate of
a constant target is as follows; 4

No _ ;
2ea% ez 2(0) + 842(0) i

Var [8/6] >

Results Conclusions 1

For the constant target with progressive averaging of X

over the 50 pulses, the threshold was found to be determined by exam-

ining the lock condition as well as if the 3 estimate has exceeded
the specified accuracy limits. In this example, threshold was found
to be 1l4db. The lock, non-lock criteria for this system is,

a 'lock’ is determined if the variance decreases and the (mean/
variance) square increases over the 50 pulses.

For the moving targét with no averaging of 28 over the 50 pulses,
the threshold was determined by examining each individual mean square
error of the estimate iﬁ relation to the non~;oise tracking value.

If this exceeds the specified 1imits, then the system is either
operating under too low a signal to noise ratioc (threshold) or the

system has broken lock.

Recommendations

As this study was limited in scope on several areas, the
following areas are recommended for future research;
a. Investigate the effects of varying the incoming signal

amplitude A on the threshold and break lock frequency.

The use of A in the discrimination curves suggests




b.

that a saturation level of A will cause poor tracking.
Reproduce the plots of probability density of 8 versus
() using the Gram—Charlier Series approximation. This
should produce a more accurate determination of
threshold than the Histogram Approach approximation.
Extend the system to two dimensions and investigate
the effect of coupling from one dimension to the
other.

Investigate the control problem of when to steer

the antenna. The type and amount of averaging

needs to be determined.
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APPENDIX A

Evaluation of (g£2(8) + gA2(8))

o @) = Sin (42,993 sin & + .92873 cos 6)
A 42.993 sin 8 + .92873 cos 6

1+

sin (52.993 sin § - .92873 cos 6}
42.993 sin 6 - .92873 cos § .

sin&(42.993 sin 8) cos (.92873 cose))-+
42.993 sin 8 + .92873 cos 6

co4 (42.993 sin 6) sin (.92873 cos 8) )_-I:
42.993 sin 8 + .92873 cos 6

sin((92.993 sin 8) cos (.92873 cos 6)) _
42.993 sin 8 - .92873 cos © +

cos((42.993 sin 6) sin (.92873 cos 8))
42.993 sin® -~ .92873 cos ¢ ’

The values of gI(8) and gA(8) depend on the value of 8. 1In
the computer runs using the model with a constant target, an angle

off boresight of 1.5° was used. To enable the lower bound of Var

(o]

8/8 = 1.5 to be determined, the four terms of gZ(8) and gA(®)

need to be evaluated at = 1.50.

lst term = 8.553 X 10> + 9.012 - 5.506 =  3.515
, 2nd term = -3.055 X 10> - 15.12 - 3.5 = -18.636
3rd term = 8.916 X 1072 + 56.302 - 599.00 = -542.6
4th term = 3.185 X 1072 + 157.626 + 382.14 = +539.79
} g2 (1.5°) = 321.2
) lst term = 3.515
2nd term = -18.636

e A -
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3rd term
4th term
) ga%(1.5%)

Using gZ(1.5°) and ga(1.5%)

(822(1.5°) + ga%(1.5%)) = 472.76

From equation 35

No

A
Var (_9/1.50] > 3
2EA™ 4,7276 X 10

57
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+542.6
=539.79

151.56
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APPENDIX B

Program Flow Diagram

.. i
MAIN

ANTE AW/A

TTER ESTIVATE -
X PATTERNS FUMCTIONS

NolsE

DISCR I MINATOR

é\;

D0 SO TIMES

'
pPlLoT

58




0O O0O00O0O0000

100

10%
188

APPENDIX C

Program Listing

SPSBSICIIOISBUSSIBUGIUISTHICSUBLBBHI000 300000

PROGRAM CONDEN

THIS PROGRANM FLOTS THE PROBALITY
DENSITY FUNCTION OF THE ANGLE
OFF BORESIGHT FOR A CONSTANT TARGET

ga0evacas
sevseovaee

FOSBB LTI PIGSP S RNINIROVITIILBIBIINIINIRIGOSG

PROGRAM MAIN
THIS PROGRAM SIMURATES THE SUFFICIENTY STASTIZ
INTEGER MRy NAgNB, N3
REAL ANGLE,THETA,GPAT ,GPATA,GPATB,GPAT1,6PAT2,PI,PH]
9DEGoBETAJAMEAN ,BME Ny VARL 9 VAK2Z2ySNC o STF, OCC (5L, 381 ySORT(32)
sEST o VNULLySUML ,SUMZ,ESTL,EST2,A,HBOX(561) y MHU(S )
sETA(S64) yPOS (561),BOX(5641) ,0UNM(SS) JALPHALSS)
sRULEO) g X1, X2y DMEAN(SI) ,BYVAR(53) , X(33), ¥ ¢33),06
9 EMEAN, GVAR
» SNR
DOUBLEPRECISION DSEED
DATA ANGLEyTHETA,GPAT yGPATA,GPATB,GPATL,GPAT2,EST, P!
1 JPHI VBULL,SUML,SUMZ,ESTL,EST2,0EG,BETA, AMEAN,OMEAN, VARL,VAP2
2 9SNCySTFaX1,K2,A, ORG
3 70989880000 0,50,0,0,0,50,0,5008,0,008,0,0,0,0,L,0,0,08,0/
CALLPLOTS (Deyls D)
CALL PLO'(..,"‘.)“!’
CALL PLOT(2455.5,-3) -
NA=2561
NB=53
NC=100
DD 100 I=4,100
R(IN=B.8 :
CONTINUE '
DO 108 I=1,50
D0 105 J=1,30
0CC(I,J)=0.0
CONTINUE :
CONTINUE
00 140 I=1,53 )
ALPHA(I)=0,0

PR WUN»

OUMN(I)=b.8 '
OMEAN(I)=20.0 .




110

115

120

125

128

420
438

139

470

BVAR(I)=}, 0

HHU(I)=0.8

CONTINUE

D0 115 121,33

SORT(I)=0,0

Y(Ii=d.8

Y(I)=ge0

CONTINUE

D0 120 I=1,561

ETA(I)=0,0

POS(I)=0,0

BOX(X)=0,0

MBOX(I)=S.0

CONTINUE . S - - . -
DSEED=120057.08

PI=3, 141592654

CALL FNE(PIJANGLE,THE 1A, GPAT,GPATA,GPATB,GPAT1,G2AT2
1 HSUML,SUN2,ESTL,EST2,ETA,POS,MBOXyNA)
D0 130 X=1,50

EST=0.8

BETA=0.0

STF=1,0
SNR=(LOGLOC1C0,0/STF**2,0))%10,0
DSEED=DSEED+FLDAT(K)

DD 125 I=-30,3)0,2
SORT((X+32)72)=FLOAT(I)/100

CONTINUE

DO 128 I=1,30

X(I)=SORT ()
SORT(IV=(SORT(I+1)=-SORT(IN)I/2.8+SORT(I)
CONTINUVE

CALL ERID(MR,ANGLE, THETA ,GPAT,GPATA ,GPATB,GPAT1,32AT2
1 JReXL X2, DSEEDJEST,y VNULL,PI,POS,BOX ,PHL , ALPHA,AMEAN, BMEAN
2 gVARL1,VAR2,DUMM,SNC ySTFyNA gNB gNC yBETA,DMEAN yBVAR4BO Xy MHU)
D0 b4l 121,50

IF (DUMMCI) oGEs SORT(30)) THEN
OCC(1,38)=0CC(I,33) +1,0

GO0TO 438

ENDIF -

DO &20 J=1,30

IF (DUMMCI) oLEs SORT(J) THEN
OCC(TyJ)=0CC(IyJ) ¢1,.8

GOTO &34

ENDIF

CONTINUE

CONTINUE

CONTINUE

CONTINUE

D0 &80 L=1,50

EMEAN=S,)

CVAR=0,0

DO &78 M=1,30
EMEAN=OCC (L 4M) 750,0 *SORT (M) +ENEAN
CVAR=0OCC(L oM} /75040° (SORT(M)®**2,L)+CVAR
CONTINUE

CVARSCVAR-EMEAN®*2, 8
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453

459

469
L]

SNORNFUN.

1
2

PRINTOUZPTS gAoT28,F8.2,T33,A77/7T13,A,T29,12//7
TiS,A,F10,2/7T419 A F10,2//77T2,A7
TOsA/TI oA T3 oF 5, 2, ThigA/T99A,T21,12/77) %
®SIGNAL TO NDISE RATIO =*,SNR,°08%, *AT PWLSE"’,
(L) g ® MEAN =?,EMEA Ny *VARIANCE =*,CVAR,
*FI6 PLOT OF THE PROBALITY DENSITY FUNCTION’,
*OF THETA ESTIMATE VERS THETA S,
®FOR SIGNAL TO NOISE RATIO OF *4SNR, °DB*,
®AND AT PULSE*, (L)

X(31)s=3,

Y(31)s8.

X(32)=6,760

Y(32)=4e/be

DO 455 Js1,30

Y(J)I=0CCl15) /50,0

CONT INUE

CALL AXIS(Dapls g "THETA s =56 638 69X (31)4X(32))

CALL AXIS(3a9Da s ®PUTHETA) *5¢8,4459045Y(38),Y(32))

CALL PLOT (049069 3)

CALL LINE(XyYy30,1,0,0)

CALL PLOT(DoyD0y3)

CALL PLOT(Bes=110,y~D)

CALL PLOT(8.095.5,~3)

D0 460 Is=10,50,18

DO oS30 J4=8, 38

Y(J)=0CC(I,J) /7500

CONTINUE

CALL AXIS(0o9glo s THETA®y=5,60900yX(31),%(32))

CALL AXNIS(3490,, P (THETA) *5¢B,yh 9900y Y(31) 4¥(32))

CALL PLOT(C.98.p3)

CALL LINE(X,Y,30,1,0,0)

CALL PLOT(Bey0,43)

CALL PLOI(D.,-li.,-B)

CALL PLOT (8,095 ¢5,-3)

CONTINUE

CALL PLOTE(N)

CONTINUE

END '

SUBROUTINE ERID(NRy ANGLE,THETAF GPAT,GPATA, GPATBy3PATL,6GPAT2
sReXLsX29 DSEEDL,ES Ty VNULL g PToPOS 930X o PHI o ALPHASAMEAN , BHERN
g VARLyYAR2,DUMM;SNC 4ySTFyNAyNB4NC yBETA,DMBAN s BVAR, HBO X yMHU)

REAL POS(NA) ;B0XINAYy CUMMINB) oALPHA (NB) 9 MHU(NB)

1

pRINC) o DMEAN{NB)  BVARINB) y NBOX(NA)

CALL XPAT(NRyANGLEy THETA,GPAT o GPATA ,GPATB)GPAT1,5PAT2

1

oRoX19X29 DSEEDYES Ty VNULLyPISNCySTFoA)

135

y
;
i

00 135 I=1,560

BOX(I) =MBOX(I) * ((GPATL%% 20GPAT2%%2) #2,0E~2)/(GPAT19X1+GPAT2°X2)
CONTINUE

CALL ERROR(POS,B0Xy PH1,¥NULL yNA)

ANGLE=PHI

CALL ESTAN(ANGLE,PI)

ALPHA(2) sANGLE

EST=ANGLE

DEGEST

CALL ANDEG (DEG, PI)
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138

160

248

DUMM(41)=DEGC

DO 348 I=1,49

CALL XPATI(NRyANGLE, THETA ;GPAT,GPATA GPATS ,GPATL,6PAT 2
1 sReX3yX25DSEEDHES T, VNULL 4PTI9NCySTF,oA)

DO 138 Nsi,580

BOX(NI sMBOX(N) P ((GPATASS 24GPAT2082)82 ,QE~21/(CPATLPKLeGPAT2X2)
CONTINVE

CALL ERROR(PDS, 80X, PH1,VYNULLgNA)

ANGLE=SPHE

CALL ESTANCANGLE,PI)

ALPHAL(TI+2)=ANGLE

BETASBETA+ALPHA (I+2)

EST=BETA/IEST

DEGS=EST

CALL ANDEG(DEG,PI)

DUMM(I +1) =DEG

SNC=I+4

CALL MEVAR(ALPWA, AMEAN BMEAN VARLy VARZ ySNC oDUNN,NS)
DMEAN(I+1)=BNEAN

BVAR(Y #1) =VAR?2

MHUC(T+L1)2BMEAN®®2/¥ AR2% 2

CONTINUE

RETURN

END

SUBROUTINE FNECPISANGLE, THETAoGPAT,GPATA,GPATB,G?ATL,GPATZ
1 sSUML,SUM2,ESTL,ESTZ,ETA,POS, MBOX,NA)

THIS PROGRAM ESTIMATES THE PMASE ERRDR

REAL ETAINA) ,POS(NA),MBOX(NA)

ANGLE=0,0

CALL ESTANCANGLE,PI)

CALL SOPAT(ANGLE,THETA,GPAT,GPATA,GPATB,5GPATL,6PAT2)
SUMISCPATL

SUM2=GPAT 2

00 220 I=~288,280

ANGLESFLOAT (I)ri80.0 . . ... .. - -
POS(I+281)=1

CALL ESTAN(ANGLE,PI)

CALL SOPAT(ANGLE,THETA,GPAT,GPATA,GPATB,GPATL ,GPAT2)
ESTi=GPATY
EST2=GPAT 2
ETA(I4281)= (SUN2PESTL ~SUMLISEST2)%2,0E~2
CONTINVE

00 230 I=4,56t

MBOX(I)=(ETA(I ¢1)=ETA(INIZ2.84ETALT)

CONTINUE

DO 240 I=1,56%

POS(I)=POS(I)7500.0

CONTINUE

RETURN

END

SUBROUTINE ESTAN(ANGLE,PI)

THIS PROGRAM CONVERYS DEG YO RAD

ANGLE=ANGLE®PIZ180

RETURN

END

SUBROUTINE SOPAT(ANGLE,THETA,,GPAT,GPATA,GPATBGPATL,GPAT2)

-~

THIS PROGRAM CALCULATES THE SUM AND DIFFERENZE AE PATTERNS
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158

. 168

THETASANGLE .8 21598 4498
CALL PATTITHETA,GPAT)
GPATASGPAT
THETAZANGLE ¢ § 225908 4k 95
CALL PATT(THETA,GPAT)
GPATB2GPAT
GPATA=GPATA+GPATE
GPAT22GPATA-GPATS
RETURN
END
SUBROUTINE PATT(THETA,GPAT)
IF (THETA EQ. 0) THEN
GPAT=1 .0
ELSE
CALL SINCC(THETA,GPAT)
ENDXF
RETURN .
END ,
SUBROUTINE SINC (THETA,GPAT)

THIS PROGRAM FINDS GPAT :
CPATSSIN(S3,003007* SINITHETA) )/ (43,003097% SIN(THETA))
RETURN
END
SUBKOUTINE XPAT (NRy ANGLE4THETA, GPAT ,GPATA, GPATB,5PATL,GPAT2

1 pRyX14X2, DSEED,ES Ty VNULL s PI;NC,STF,A)

THIS PROGRAM CALCULATES THE X4 , X2 SIGNALS
REAL RONC),STF
A=4,8 4
ANGLE=L .5 )
ChLL ESTAN(ANGLE,PI)

CALL SDPAT (ANGLE, THETA ,GPAT,GPATA,GPATE, GPATL ,GPAT2)
CALL MOISE(NR,R%,DSEED)
Xizg.0
DO 458 I=1,100
X142 C(RITICSTFEEPATL)®AB2 DE~H) X1 , ‘
CONTINUE .
CALL NOISE (NR,R,DSEED)
X220.0
00 £68 I=1,100 -
X2xC(REIICSTFSPAT2)SAS2 JDE~A) +X2
CONT INUE
ANGLESEST
CALL SDPAT (ANGLE,TUETA,GPATGPATA,GPATB,GP AT, GPAT2)
VNULLEX1® GPAT2+X25GPATY
RETURN
END i
SUBROUTINE NOISE(NR,R,DSEED)
THIS PROGRAM GENERATES A NOISE VECTOR '

REAL R(100)

!
|

2 -

DOUBLE PRECISION OSEED

NR=109

CALL GGNML (OSEED,NRyR)

RETURN :y
END

SUBROUTINE ERRJR(POS, BOX oPHI y YNULL ¢ NA)

REAL POSINA) BOXING)
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250
260

135

- o

RETURN

IF (VNULL o6GE. BOX(S60)) TMEN
PHI=POS(564)
60TO 266
ENDIF
00 250 I=1,568 i
IF (VNULL oLE. BOX(I)) THEN
PHI=POS(L)
60T0 260
ENOIF
CONTINVE
CONTINUE
RETURN
END
SUBROUTINE ANCEG(DEG,PI)
THIS PROGRAM COMVERTS RADIANS TO DEGREES
DEG=DEG*L88/PL
RETURN
END
SUBROUTINE MEVAR(ALPHASAMEAN,BMEAN, VARL,VAR2,SNC,DUNM, NB)
REAL ALPHA (NB) , DUMN (NB)
AMEAN=E.)
BMEAN=S.)
VAR1=0,.0
VAR2=0,0
00 135 I={,SNC
AMEANSALPHA (I+2)+ANEAN
VARL= ALPHA(I+2)%224VARL
BHEAN=DUNM(I) ¢ BNEAN
VAR2=DUNN(I)®** 24VARR
CONTINUE
ANEAN=AMEAN/SNC
VARL1=VARL/SNC=ANEAN®* 2
BMEAN=BHEAN/SNS
VAR2=VARZ/SNC~BNMEAN®S2

PRSP R T DI R e e R IR IR S R o

END
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110

120
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PROGRAM VEL MV

THIS PROGRAN PLOTS THE ESTIMATE
ANGLE DFF BORESIGHT FOT A
MOVING TARGET

Y LY Y Ty Y Yy Y Y Y Y Y PV Ty PP Yy TYYY Y
PROGRAMN MAIN
THIS PROGRAM SIMULATES THE SUFFICIENT STASIIC

INTEGER MRy NA,WB,NS

REAL ANGLE,THETA,GP AT ,GPATA,GPATB,GPAT1,6PAT2, PI, PHT
4 SDEG,BETA,AMEAN,BME ANy VARL 9VAR2,SNC 9 STF o VEL

2 JESToWNULL,SOML,SUM2,ESTL,EST2,A,NBOX(561) MHU(53)
3 oETA(SE61) 4P0OS (564),80X(561),0UMMIZ3) yALPHA(SS)
& JRU109),X1,X2,DMEANIS3) ,BVAR(S3) ,X(53),V ¢53)
S5 »SNR

DOUBLEPRECISION DSEED

OATA ANGLEY THETA,GP AT JGPATA,GPATE,GPAT1,5PAT2,EST P!
1 oPHISYNULL,SUML ,SUM2,ESTL,EST2,DEGyBETA ) MMEAN,BHEAN, VARS y VAR2
2 $SNCySTFyXiyX2yA, VEL

3 /7058,0,0,50,8,5090,0,0,05050505C90,0509050,C5C5Cs090+8,87
CALLPLOTS(Desbey9)

CALL PLOT(Bsp=~11ey~3)

CALL PLOT(24yT7e55-3)

NA=561

NB=53

NC=100

D0 108 I=4,400

R(I)=0,0

CONTINUE

DO 110 X=41,53

ALPHA(I)=0,0

OUMH(I)=0.8

DNEAN(I)=0,0

BVAR(II=D,. D

NHU(1)=0,0

X(I}=8e8 .

X(I)=Do0

CONTINUE

00 120 I=3,56%

ETA(I)=0,.0

POS(I)=0,0

80X (I)=8,0

HBOX(I)=P.0

CONTINUE

DSEED=120057,00

PI=3,141592654

CALL FNE(PIJANGLE,THE 1A,GPAT GPATA,GPATB,GPAT1,G2AT2
1 gSUML,SUM2,ESTL,EST2,ETA,POS,MBOX,NA)

00 438 I=1,5

EST=0.,0

BETA=D.8

STF=1

SNRs (LOGLO (100, 0/STFe22,8))%40,0

Seecsess e
«uveeves
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CALL ERIDUINR,ANGLE) THETAZGPAT,GPATA ,GPATB,GPAT1,5PAT2, VEL
. 1 sReX1,X2,0SEEDL,EST,VNULL g PIPOSBOX o PHI o ALPHA, ANEAN,BMEAN
2 oVARL,VARZ,DUMM,SNC,STF,NAJNB,NC,BETA,DNEAN yBVAR, X, HBOX, HHU)
PRINT (/7778 gAgT28,F 802,T339A/7/7T43)As T35, 4, T0b,12,T50,12//
TG oAoF10.29F18.2,F $8.277/T29R7T05AsTAT oF5,24T2240777)°
¢ *SIGNAL TO WOISE RATIO =*,SNR, ‘0B, AT ¢I) PULSES*,1,25,50,
SESTIMNATE = =°,DUMM (1) ,DUMM(25) ,0UNM(5D)
°F16 PLOT OF ESTIMATE FOR SIGNAL TO NOISE®*
o 'RATIO OF’,SNR,*DB AND A MOVING TARGET,*
130 CONTINUE
END
SUBROUTINE ERID(NRy ANGLE,THETA, GPAT ;GPATA,GPATD,,5PATL,6PAT2,VEL
1 sRyX4,X250SEEDZESTHVNULLyPI,POSBOXyPHI 9 MLPHASANEAN, BHEAN
2 oVARLVAR2,DUMM,SNC,STFoNASNB4NCsBETA,DMEAN yBVAR, X9 NBOX, MHU)
REAL POS(NA) ,BOX(NA), CUMM(NB) JALPHA (NB),MHU(NB)
4 oRINC),DMEANCNS) o BVAR(NB) o XINB) s HBOX (NA)
VEL=1,.0
CALL XPATINR,ANGLE, THETAGPATGPATA,GPATB,GPAT1,5PAT2
L RyXL X2 DSEEDyEST,y VNULLgPIJNC,STFoALVEL)
00 135 I=1,560
BOX(I)=NBOX(I)® ((GPAT 199 2¢GPAT2%%2)32,QE=-2)/(GPATL*(1eGPAT2*X2)
13% CONTINUE
CALL ERROR(POS,BOXy PHIZVNULL gNA)
ANGLE=PHI
CALL ESTANCANGLE,PI)
ALPHA(2)sANGLE
ESTSANGLE
DEGSESY
CALL ANDEG(CDEG,PI)
DUMM(1)=DEG
D0 148 I=i,49
VEL=FLOAT(I)+1.0
CALL XPATINGR, 24GLEy) THETAGGPATSGPATA,GPATE,GPAT1,6PAT2
1 ReX$X24P7. 4, ESTyVNULLPISNC,STFy A VEL)
DO 138 N=iy.%i
BOXIN) =MBOX (N, * i {GPAT 192 24GPAT2982)92,QE=2)/7(GPATL* X1 +GPAT 2 X 2)
138 CONTINUE '
CALL ERROR(POS:BGXy PHI9VNULL.9NA)
ANGLE=PHL
CALL ESTAN(ANGLE,PI)
ALPHA (X+2)=ANGLE
EST=ESTeANGLE
DEG=EST
CALL ANDEG(DEG,PI)
OUMM(I +1) =DEG
SNC=lI+1
CALL MEVARCALPHA,ANEAN,BMEAN,VARL, YAR2,SNC sDUMN,N8)
DMEAN(I+L)=BMEAN
BVAR(I+1)sVAR2
MHU(I¢1)=BMEANT®2/VY AR2%% 2
X(Ieg)=I0g
CALL LDO(Y,DUMN,NB)
X(51) =0,
Y{53)==3,
X(52)=89,/%.,
¥(52)264/be
CALL AXIS(Derlo 9" NUNBER? 3=845445049X(51),X(52))

ORI UM




230

260

" CALL PLOT(10e0,=110yF) ]
ey

CALL AXIS(0ap~2ey *MEAN VAR X%5+10,4e,9049Y(51),Y(52))
CALL PLOT(B.90.,3) .
CALL AXIS(Sas=Rey *"MEANSQ/VARYy '1'.‘0.9.0"‘5‘).'(52') i
CALL PLOT(B.50,,3) 1
CALL PLOT(Be9=B0jy=3) ) {
CALL LINE(X,Y958,1,0,8) b
CALL PLOT (8400,,3)

CALL PLOT(B49765,5~3) e e e e
CONTINUE

CALL PLOTE(N)

RETURN 3
END :
SUBROUTINE FNE(PI ANGLE; THETA9GPAT ;GPATA, GPATB,,GPATL4GPAT2
1 ySUMS,SUM2,ESTL,EST2,ETA,POS, HBOXsNA) |

THIS PROGRAN ESTINATES THE PHASE ERROR'

REAL ETAINA);PDS{NAD,MBOXINA)

ANGLE=D,.0

CALL ESTANCANGLE,PI)

cALL SDPIT(INGLE.TNETA,GPlT,GPlTA,GPATB,GPAft,GPlrzl
SUML=GPATL

SUK2=GPAT2

D0 220 I=-285, 288

ANGLE=FLOAT (1) 7180, 0

POS(Ie28L) =3

CALL ESTAN(ANSLE,PI)

CALL SDPIT(ANGLE.TNETA,GPIT,GPITA,GPATB,GPAT:,GP\TZ)
EST1=5PAT1 i

EST2=GPAT2 '
ETA(T+281)= (SUN2SESTL «SUMLPEST2)%2.0E=2

CONTINUE

D0 230 I=1,560

MBOX(T)=(ETA(141) =ETA(T)I)/2,04ETALT)

CONTINUE

DO 248 I=1,564

POS(T)=POS(I)/7200,¢

CONTINUE .

RETURN '

END '
SUBROUTINE EST!N(ANGLE,Pl) «

THIS PROGRAM CONVERTS DEG TO RAD

ANGLE=ANGLE®*PI/1680

:EEUR“

N

SUBROUTIME SDPAT (ANGLE,THETA,GPAT,GPATA,GPATB,GPATL,GPAT2)

THIS PROGRAM CALCULATES THE SUM lNDlDIFFEtEI SE AE PATTERNS

THETA=ANGLE#4021598 4495

CALL PATT(THETA,GPAT) ‘

GPATAZGPAT '

THETASANGLE=o 821598 4495 '

CALL PATT(THETA,,GPAT)
GPATB=GPAT
GPAT1=GPATA+GPRTE
GPAT2sGPATA-GPATB
RETURN

59-8




END
SUBROUTINE P‘f'(fﬂtt‘,‘?lfi
IF (THETR LEQ. 0) THEN "
GPAT=L,0
ELSE
CALL SINCI(THETA,6PAT)
ENDIF
RETURN
END
. SUBROUTINE SINC(THETA,GPAT) b
c THIS PROGRAM FINDS GPAT
GPI"SI.(Q!..".Q?’SIN(T"ET‘,)Ilb!o‘.3.97'$IN(THETll)
RETURN
END )
SUBROUTINE xPlf(NR'lNGLE.tNET‘,GPlTpGPlTI,GPlTB.GPlfl.GPl'? ;
41 sRyX4,X2,0SEEDLES Ty VNULL yPI,NC,STFyA,VEL) :
c THIS PROGRAN CALCULIYES THE XL o X2 SIGNA.S 1
REAL RUNC),STF 1
A=i.0
ANGLE=VEL/710.,0-2,0 e
CALL ESTAN(ANGLE,PI)
CALL SOPAT (ANGLE,TRETA,GPAToGPATA,GPATB,GPATL,6PAT2}
CALL NOISECNR,R,DSEED) 1
AL=0.0 -
00 158 I=t1,180 : b
X1z ((R(I)PSTF+CPATL )P A2, 0E~4) ¢X1
159 CONTINUE
CALL NOISE(NR,R,DSEED) '
X2=8e0 ’
D0 168 I=g1,101
XZ'((!(Il'sfFOGPATZ)‘A'ZOCE'Q) X2
169 CONTINUE
ANGLESEST
CALL SDPIf(lNaLE,TiETI,GPI"GPlYA'GPl‘B,-PlTl,GPlf!.
UNULL=X1*GPAT2~X2*GPATY
RETURN
END
SUBROUTINE NOISE(NR,R,DSEED)
c - TRIS PROGRAM GENERATES A NOISE VECTOR
REAL RUIID) ¢
DOUBLE PRECISION DSEED .
NR=4140
CALL GGNML (DSEEDyNR,R)
RETURN
END
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SUBROUTINE ERROR (POSyBOX 9PHI,VNULL,NA)
REAL POS(NA)9BOX(NA)
IF (UNULL oGE, BOX(S560)) THEN
PHI=POS(561)
GOTO 268
ENDIF
D0 258 I=1,568
IF (VNULL oLE. BOX(I)) THEN
PHI=POS(I)
GOTO 268
ENDIF
250  CONTINUE
260  CONTINUE
RETURN
END
SUBROUTINE ANDEG(DEG, FI)
c THIS PROGRAM COMVERTS RADIANS TO DEGREES
DEG=DEG®180/P1
RETURN
END
SUBROUTINE MEVAR (ALPHA,ANEAN,BMEAN, VAR, VAR2, SNC, DUNM, NB)
REAL ALPHA (NB) 5 DUMM (NB)
AMEAN=D.0
BMEAN=8,)
VAR128.8
VAR2=8.8
00 135 I=1,SNC
AMEANSALPHA (1¢2) 4 AMEAN
VAR1= ALPHA(I+2)®%24VARL
BMEAN=DUNH(I) ¢ BMEAN
VAR2=DUNN (1) ®P2+VAR 2
135 CONTINUE -
AMEAN=AMEAN/SNG
VAR1=VARL/SNC~AMEAN®S 2
BMEAN= BMEAN/SNG
VAR2=VAR2/SNC-BHEAN®®2
RETURN -
END ,
SUBROUTINE LODO( Yy 0UMA 4N8)
REAL Y (N8) ; DUNN (NB)
DO 278 Is1,50 - :
IF (DUMMCI) oLEe. =-3.8) THEN :
DUMM(I)==340 »
ELSE :
DUMM(I) =DUMMCT) B
ENDIF -
IF (DUMMII) oGEo 3.0) THEN
DUMN(I)=3,0
ELSE
DUMM(T)=DUMM(I)
ENDIF
Y(I)=DUM (1)
270  CONTINUE

..:E;U.N!.....,....,-.......,..&.........-A.........n..,....... P O

'
' 3
i

]
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. BVAR(I)=D,0

SUGSSSSUISR PPV I IDIPISISPISIIBIVBIB ISR

PROGRANM CONNY

THIS PROGRAM FLOTS THE MEAN o VARIANCE,
AND THE (MEAN/VARIANCE) SQUARE FOR N
CONSTANT TARGEY

vYesecsasaaqe
S 9O Ge

.O.‘.".I..'.'.C."l‘..'ll..l.""..‘.'.‘..'l

PROGRAM NAIN

THIS PROGRAM SIFULATES THE SUFFICIENT STASTIC
INTEGER NRgNA,NB,NC
REAL ANGLE, THETA, GP AT s GPAT A, GPATB, GPAT1,GPAT2,yPI,PHL
1 JDEGSBETAAMEAN,BMEAN; VARL sVARZ,SNC ,STF
2 SESTeVHULLySUMLISUMZ,ESTA,EST2,AyMBOX(561)y HHU(SS)
3 +ETA (561 ,P0S (561) yBOX(561), DUMM(53) JALPHA(SS)
b JRILDS) 3 X1,X2yDNE AN (53) , BYAR(S3) g X(53), Y (53)
5 sSNR
DOUBLEPRECISION DSEED
DATA ANGLEyTHETA,GPAT ,GPATA,GPATB,GPATLyGPAT2yEST, Pl

1 SPHISUNULLSUML ,SUMZ,ESTL,) EST2,0EGy BETAy AMEAN, BMEAN; VARL o VAR2

2 oSNC,STFeXigX2,A
3 /0y 050,0,8,0,0,050,0,0,0,0,0,0,0,0,0,8,0,C9C504045090/
CALLPLOTS(0e50459)

CALL PLOT(Se9=11,9-%)

CALL PLOT(2¢9705,-3)

NA=SHS

NB=S3

NC=100

00 400 Is=1,180

R(I)=040

CONTINUE

00 2118 I=1,53

ALPHA(TI)=0.0

oUMN(I)I =}, 8

OMEAN(I)20840 .
NHU(I)=0,0

X(I)=069

X(I)sDe0

CONTINVE

D0 120 I=35,561

ETA(I)=8,0

POS(I)=0,0

BOX(I)=0,.0

MBOX(I)=0,0

CONTVINUE

DSEED=420457,00

P1=3,14159265,

CALL FNE(PIANGLE,THETA, GPATsGPATA,GPATE,GPAT1,62AT2
4 oSUMLSUM2,ESTH,ESTZ,ETA,POS) NBOX9NAY

X6JIZY6I6S6ESMY 2 EIRX 6

EST=d.48

BETA=08e0

STF=l - -
59-11
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- SNR=(LOGLEC100.8/STF*%2,0))%18.0
CALL ERIDINR ANGLE, THETA ,GPAT ,GPATA,GPATB,GPATL,3PAl2
1 sRyX1yK2,0SEEDYESTyVNULL9PIZPOS,90X,PHI, ML PHA,ANEAN,BMEAN
2 sVARLVAR2,DUMM,SNC ,STFoNA g NB yNCyBETA,DMEBAN ;BVARy X9 NBOX, HHU)
CALL LDOCY,DMEAN,NB)
X(54)=8,
¥{51)==~3,
X(52)558,/5,
Y(52)=6e7be
CALL AXIS(8e90e 9" NUMBER? y=B9549Ce9X(51)4X(52))
CALL AXIS(0o9=2ey *MEAN VAR X¢3+10,04459009Y¢€51),Y(52))
CALL PLOT(8.90.,3)
CALL AXIS(56e9=20¢9y "MEANSO/VAR®;=10,04590,,Y$51),Y(52))
CALL PLOT (L4900 9p3)
CALL PLOT (Bey=2e,y=3)
CALL LINE(X,Y,50,4,0,0)
CALL PLOT(CayB4y3)
CALL LOP(Y4BVAR,NB)
CALL LINE(X,Y450,1,%,4)
CALL PLOT(DB4epb0,3)
CALL LDOCY, MHU, NB)
CALL LINE(X,Y,50,4,5,1)
CALL PLOT (D404 93)
CALL PLOT (1889124 9=3)
CALL PLOT (Rey745,-3)
PRINYC (/777D gAsT29,F542,T30yA///TLh A, T36,11,T45,12,755,12/7
1 T195R,FL0e2)F10,2,F10.2/7/T15,A,F1042,F184e2yF10427/
2 T23ApFiDe2,FL062y)FLl0e2//7/T39A T8 )A/TA0 AT 36,F5,2yT0L4877/7)°
3 S'SIGNAL TO MOISE RATIO =¢oSNRy ‘087, ?AT (I) PU.SE37,2925458,
4 O*MEAN = =°,DNEANC2) yOMEAN(25) sDMEAN(58) , *VARIANCE X =°
L
6
7

e e P v A S AP

s BVAR(2) 9y BVAR(25) 4BVAR(50) ¢ * (MEAN/VARIANOE) SQUARE 0 =*
s MHU(2) s MHU(25) ,HHU(B0), °FIG PLOT OF MEAN, VARIANCE AND (°,
*MEAN/VARIANCE )SQUARE®y *FOR SIGNAL TO NDISE RATID OF‘,SNR,’DE*
130 CONTINUE
CALL PLOTE(N)
END .
SUBROUTINE ERID (NRy ANGLE ,THETA,GPAT ,6PATA,GPATB,GPAT1,GPAT2
1 gRyX19X29DSEED,ESTy \NULL,PI,POSyBOX s PHIy ALPHA,AMEAN, BMEAN
2 sVARL,VARZ,DUMM,SNCy STFyNA gNByNC ,BETA DMEAN yBVARy Xy HBOXy MHU)
REAL POSU(NA) 4BOXINA) o CUMMINB) gALPHA (NB) yMHUI(NB)
1 SRUNC)DMEANCNB) , BVAR(NB) y X(NB) y XBOX (NA) ¢
CALL XPAT(NRyANGLE,) THETA,GPAT,GPATA,GPATDB,GPAT1,3PAT2
L gRyX2,X2,DSEED,ES Ty WULL,PI,NC,STF,A)
00 135 I=41,560
BOX(I) SMBOX(I) P ((GPATL®*2¢GPAT2%%2)#2,8E-2)/7(GPATL* X1+ GPAT 2% X2)
135 CONTINUE
CALL ERROR(POS,; B0X, PH 1, VNULL g NA)
ANGLE=PHI
CALL ESTAN(ANGLE,PI)
ALPHA(2) =ANGLE
EST=ANGLE
DEG=ESY
CALL ANODEG(ODEG,PI)
OUMN(1)=0EG
PRINT &, °*EST = *,DEG
DO 180 I=1,49
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138

160

229

230

260

1

CALL XPAT (MR ANGLE) THETA,CPAT,GPATA,GPATE, GPATL,5PAT2
sRy XLy K2, DSEED,ESTy VNULLyPI4NC,STFy A)
DO 438 WN=1,560
BOX(N) =MBOX (NI P ((GPAT 15° 24GPAT2%92) %2 ,8E~2)/(GPATL X1 #GPAT2°X2)

CONTINUE

CALL ERROR(POSyBOXy PHI yVNULL gNA)
ANGLEsPHI

CALL ESTAN(ANGLE,PI)
ALPMA (T42) =ANGLE
SLTASSETACALPHA (I+2)
€8TsQETAL] +EST

L L0 23]

caLt MWODEG(DES,PI)
Svanil ¢3 ) sDEC

e etey

‘o l"llll(’ll.lﬂElN,GNElNgVlRioVAR2.SNC.DUHN,NB)
R sc:Tog o QNERN

Svedetegi o9al?

1

My 1.9 1o QERRNOOD /Y AR25S 2
e Jografer
Com? { o
Ve
[L]]
SUSRLUTING vme & s s 7, TWETA,GPAT ,GPATA,GPATB,G2ATL46PAT2
sSURL Bump 1 7o) 078,008, MBOX,NA)
THIS PRatoss ¢ vvaprgy Tog PHASE ERROR
REAL ETAC(MR) ,*9% = oo g
ANGLE=S.0
CALL ESTAN{(ANG. 0, ”
CALL SOPAT (AN L, «0's. o c08°8, 2 PATR, P ATL,GPAT2)
SUML=GPATY
SUM2=GPAT2
00 220 1Is-280,280
ANGLE=FLOAT (1) 7100.8
POS(I+281)=]
CALL ESTANCANGLE,PI)
CALL SOPAT(ANGLE,THETACPAT CPATS, .00 - & . sP0I DN
EST1=GPATY
EST2=GPAT2 '
ETA(I+261)=(SUNR®ESTL-SUNLICEST2)%2.0¢ -2
CONTINUE
DO 230 I=1,568
MBOX(II=(ETACI*1)=ETA(T))IZ72.0¢ETALD)
CONTINUE
DO 240 I=1,%€1
POS(I)=POSCINZL00.0
CONTINUE
RETURN
END
SUBROUTINE ESTANCANGLELPI)
THIS PROGRAM CONVERTS DEG TO RAD
ANGLE=ANSLE®PI/180
RETURN
END
SUBROUTINE SDPAT(ANGLE,THETA,GPAT,GPATA,GPATB,GPATL,GPAT2)
THIS PROGRAM CALCULATES THE SUM AND DIFFERENZE AE PATTERNS




154

168

THETASANGLE®o§ 215984493
CALL PATTITHETA,GPAT)
GPATASGPAT
THETASANSLE -0 §245984498
CALL PATT(THETA,GPAT)
GPATA=GPATY
GPATL=GPATA+GPATE
GPAT2=GPATA-GPATE .
RETURN 3
ENO :
SUBROUTINE PATT(THETA,GPAT)

IF (THETA LEQ, 0) THEN

GPAT=1.90

ELSE

GALL SINS(THETA,LGPAT)
_ENDIF ,
RETURN

END

SUBROUTINE SINC(THETA GPAT)

. -TWIS PROGRAN FINDS GPATY - . - -
GPATESINC(GIBU3 007 SINITHETA) I/ A3, 00380T *SIN(THETAY )

RETURN ]
END

SUBROUTINE XPAT(NR, ANGLE THETAGPAT ,GPATA,GPATB,3PATL,GPAT2 ]
4 sReX4,X2,0SEED,ESTy INULL,PISNE,STF,A)
THIS PROGRAN CALCULATES THE X1 , X2 SIGNALS B

REAL R{NC),STF

Asd.f

ANGLE=1,3

CALL ESTANC(ANGLE,PL)

CALL SOPAT (ANGLE,THETA,GPAT,GPATA,GPATB,GP ATL,GPAT2)

CALL NOISEINR)R,OSEED?

Xi=0.0

00 1%9 I=x3,10C

L= ((RCIV*STFICPATLICAR2 DE=A) + XY

CONTINUE

CALL NOISE(NR,R,DSEED)

X2=0,0

00 16¢ Is4,140 ]

X2 (IRCIICSTFOGPATR)I®AN2,,0E~b) ¢ X2 ’

CONTINUE

ANGLE=ESY

CALL SOPAT (ANGLE,THETA ,GPAT,GPATA,GPATB,GPATL ,GPAT2)
VYNULLaX1PGPAT2-X2%GPATY

RETURN ]
END !
SUBROUTIMNE NOISE(NR,R,DSEED) o

THIS PROGRAM GENERATES A NOXISE VECTOR

REAL RO !
DOUBLE PRECISIDN DSEED '
NR=108

CALL CGNML (DSEED,YR,R)

RE TURN

ENO

SUBROUTINE ERRIRIPOS,BOX,PHI,¥NIULL ,,NR)

REAL POS(NA),BOX(NA)




250
264

135

2re

IF (VNULL +GE. BOX(368)) THEN

PHI=POS (551)

GOYOD 268

ENDIF

D0 250 Ix1,5%60

IF (VNULL oLE., BOX(I)) THEN

PHI=POS (1)}

GOY0D 269

ENDIF

CONTINUE

CONTINUE

RETURN

END

SUBROUTINE ANDEGIDEG,PI)
THIS PROGRAM COMVERTS RADIANS TO OEGRBES

DEG=DEG*L08/P]

RETURN

END

SUBROUTINE MEVARCALPHAJAMEANSBMEAN, VARL)VARZy SHCy DUIN,NE)

REAL ALPHA (NB) o DUHN (NB)

AMEAN=Q.0

BMEANZD .8

VAR1=0.0

VARZ=0.0

00 135 I=1,SN

AMEANSALPRA(TI+2) +AMEAN

VARIz ALPHA(I*2)%%2+VARS

BMEAN=DUMMCI) #+ BMEAN

VARZ=DUNH (T )®*R2evAR2

CONTINUE

AMEANEANEAM/SND

VAR1=VARL /SNCoAHEAN®S 2

BHEANSBMEAN/SNC

VAR2=VAR2/SNC=BMEAN®®2

RETURN

ENO

SUBROUTINE LDO(Y, DM EAN,NB)

REAL Y (NB) ,DMEAN(NB? ‘

00 270 I=1,50

IF (DMEAN(I) «LEe =3.8) THEN

OMEAN(TI)==3,.8

ELSE

OMEAN(I)=OMEANLY)

ENDIF

IF (DNEAN(I) o6Ee 3o0) THEN

OMEAN(I)=3e 0

ELSE

DMEAN(I)=DMEANCY)

ENOIF

Y(I)ISOMEAN(T)

CONTINUE

RETURN

END

SUBROUTINE LOP(Y,BVAR ,NB)

REAL Y(NB)BVAR(NB)

00 208 I=1,.50




60

IF (BVAR(I) GE, 3.0) THEN
BVAR(I)=3,0

ELSE

BVAR(II=BVARII)

ENDIF

Y{X)=BVAR(I)

CONTINUE

RETURN

END

SUBROUTINE LDO(Y,NHU,NB)
REAL Y(NB)oMHUINB)

DD 418 I=1,50

IF (MHU(I) oGEs 340) THEN
NHU(I) =3, 0

ELSE

MHUC(I) sMHUCT)

ENDIF

Y(I)=MNULD)

CONT INUE

RETURN

END
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PROGRAM VEL DEN

O 000000000 !

THIS PROGRAM PLOTS THE PROBALITY
DENSITY FUNCTION OF THE ANGLE OFF
BORESIGHT FOR A MOVING TARGET

aesessse
seeevee

SOGSUOOUISIIIVII SBLBIBINIIIISSNIIIBIBIINBIVIGL
PROGRAM NMAIN
THES PROGRAM SIMULATES THE SUFFICIENY STASIIS
INTEGER MRy NA,8B,NC
REAL ANSLESTHETA,GPAT ,GPATA ,GPATB,GPAT1,6PAT2,PI,PHL
9DEG9BETAJANEANBME Ny VARL 9 VAR2, SNC , STF, OCC (50, 38) o SORT (33)
sESToVRULL,ySUML ,SUNZ,ESTL,EST2,A,NBOX(561) 9 MHU(53) 5 VEL
2ETA(S61) ,POS(561),80X(561) ,OUNM(B3) JALPHA(SS)
oRC(L00) 4 X1,X2,DMEAN(53) ,BVAR(53) , X(33),Y(33),0%3
9 EMEAN, CVAR
# SNR
DOUBLEPRECISION DSEED
DATA ANGLESTHET A GP AT ,GPATA,GPATB,GPAT1,GPAT2,EST,PIL
1 SPHISVRULLySUML,SUMZ,ESTL,EST2,DEG, BETA) AMEAN,BMEAN, VARL VAR2
2 9SNCySTFeX4,X2,Ay ORGHVEL
3 /04090,0908,050,09050,090,C98yC,09050,050,50L505C905098,50407
CALLPLOTS (043069 9)
CALL PLOT(Be9p=~1249-D)
CALL PLOT(24,5.5,~3)
NA=5H4
NBs=53
NC=430
00 100 I=i1,18C
R(I)=0,0
100 CONTINUE
00 458 I=1,50
00 105 J=1,30
0CC(IyJ)=0.0 - ‘ ’
105 CONTINUE . :
108 CONTINUE
D0 118 I=1,53
ALPHA(I)=D.0 !
DUMM(I)=D,0 ‘
DMEAN(I)=0,0 i
BVAR(I)=0.8 | ]
MHU(I)=8,0 b
110 CONTINUE l'
D0 115 I=1,33
SORT(I)=0.¢0 | ]
Y(I)=D 8 !
i
|
i

RS WUN -

Y(I)=0e0
115 CONTINVE
D0 120 I=4,561 ,
ETA(I)=0,0 ]
POS(II=0,0 i
80X (1)=040 i
MBOX(IV=0,8 i
120 CONTINUE

HE T
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DSEED=120457.00
PI=3, 14159265

©  CALL FNE(PIANGLE,THETA,GPAT ,GPATA,GPATB,GPAT1,6%AT2
1 sSUML,SUMZ,ESTL1,EST2,ETA,POS, MBOX sNA)
D0 138 K=3,508
EST=0.0
BETA=0.8
STFs3,
SNR=2(LOGLO(100,0/5TF**2,8))%10,0
OSEEO=DSEED+FLOAT (X)
D0 125 I==30,38,2
SORT((X432)/72)sFLOAT(1I)/4040D

125  CONTINUE

00 128 Is=1,30
X(I)=SORT(I)
SORT(I) ={SORTIL+21)~SOFT(I))/2,0+SORT(])

128 CONTINUE

4§20
438
&40
130

"7

CALL ERIDINR,ANGLE) THETAGPAT ,GPATA,GPATD,GPAT1,5P\I2, VEL
1 ¢RyX1yX2,DSEED,ESTy \WWUL!.4yPI,POS,BOXyPHI s MPHA AMEAN,BHEAN
2 yVARL1,¥VAR2,DUNM4SNC ;STFoNASNB 4NC s BETA,DMEAN 4 BVAR, 98I X, MHUY)
00 &40 I=4,5%50
IF (DUMMII) o+GEe SORT(30)) TFHEN
OCC(I,38)s0CCI(L,300 +1.0
6070 430
ENDIF
DO 420 J=1,30
IF (DUMMCI) oLEe SORT(J)) THEN
OCC(I,J120CC(1IyJ) +1 0
GOYO 430
ENOIF
CONTINUE
CONTINUE
CONTINUE
CONTINUE -

DO M80 L=31,50

EMEAN=8.8

CVAR=0,0

DO &70 Ms3,30

EMEAN=OC2 (L yM) 75040 *SORT (M) ¢EMEAN

CVAR=0CCIL M) 75040" (SORT(N)®*®2,() +CVAR

CONTINUE

CVAR=CVAR=-EMEAN®® 2,0

PRINTCC/7/TB oAgT28,F 52T 33)A27/7T13,A,T29,12/7/
Ti55A9F1062/77T819AsFL0 0277712407
TOoA/TI A T30 ,F5. 2, TRl ,A/T9,A,T21,12/77) %
*SIGNAL TO NOISE RATIO =*,SNR,°DB*, *AT PULSE",
(LYo *MEAN =*,EMEA Ny "VARIANCE =?, CVAR,
*FI6 PLOT OF THE PROBALITY DENSITY FUNCTION',
*OF THETA ESTIMATE VERS THETA Y,
®FOR SIGNAL TO NOISE RATIO OF *,SNR, *DB’,
CAND AT PULSE‘, (L)

X(31)m=3,

Y(31)=0,

X(32)uge78,

Y(32)sle/h,

DO 455 Jsi,30

GNP NFT N




L a8

&5

463
480

135

138

Y(J1=0CCUL, NN /750.0

CONTINUE

CALL AXIS (BopBay "THETA? =8 ;80980 X(32) ,X(32))

CALL AXIS(SespBa g ?PUTHETA) *peB,0.,90.,Y(31),Y(32))

CALL PLOT(C0y00y3)

CALL LINE(X,Y,38,1,0,¥)

CALL PLAT(BesdesD)

CALL PLOT(Beyp=149=D)

CALL PLOT (8403 :5,-0)

00 460 I=10,58,40 I

00 458 Js=1,30

Y¢JI=0CCLIyJI) /58,0

CONTINUE

CALL AXNIS(0epBo s THETAY3=5,609809X(31),,X¢(320)

CALL AXIS (300 s®PUTHETA) 7948449984, Y(31)4,Y(32))

CALL PLOT(B4e9p8,,3)

CALL LINE(X,Yy30,1,0,0)

CALL PLOT(0es0:43)

CALL PLOT (Beag=11e,4=)

CALL PLOT (84045 o5,-3)

CONTINUE

CONTINUE

CALL PLOTE(N)

END

SUBROUTINE ERYID (NRy ANGLE, THETASGPAT yGPATA,GPATB,,5PAT1,GPAT2,VEL
1 RyXL X2, 0SEED,ESTyVNULL o PISPOSyB0X o PHI 9 MPHAANEAN, BMEAN
2 sVARL VARZ,DUMM,SNCoSTFyNA ND ¢NC,BETA,DNEAN ,BYAR,MBOX ,MHU)

REAL POS(NR) 4BAX(NAY, TUMMIND) JALPHA (NB) y MHU(NB)
4 JRINCI,OMEANCNB) , BVARIND) s MBOX (NA)

VEL=1.8

CALL XPAT(NRyARGLE, THETASGPATGPATA ,GPATBy GPATL,5PAT2
1 gRyX$4X2,DSEED,ES Ty VNULL 4PI4NC,STFyA,VEL) 4
00 135 I=1,550

BOX(I) =MBOX(X)» ((GPAT1%% 20GPAT2%%2) 92 ,BE=2)/(GPATL* XL #GPAT2¢*X2)

CONTINUE N

CALL ERRORIPOS¢B0Xy PHIZVNULLpNA)

ANGLE=PNI

CALL ESTAN(ANSLE,PI)

ALPHA(2)=ANGLE

EST=ANGLE »

DEGSEST '

CALL ANDEG(ODEG,PI)
DUMM{1) =DEG C
DO 38D I=i,49 :
VEL=FLOAT (I ) 41,0 .
CALL XPAT (NRpANGLE, THETAZGPATGPATA,GPATD, GPAT1,5PAT2 o
1 sRyXL X2, DSEEDLEST,UNULL yPI4NC,STFaA,VEL) 1
DD 138 N=i,560

BOX(N) =HBOX (N) * ((GP AT 15% 2¢GPAT2%%2)82,0E-2)/(GPATL X1 ¢GPAT 24X 2) {
CONTINUE '
CALL ERRDRC(POSoBOX, PHI 3 VNULL oNA)Y

ANGLE=PHI i
CALL ESTANCANGLE,PI)Y '
ALPHA(I+2) =ANGLE

ESTSESTAANGLE

DEG=EST

S e S
R A
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g CALL ANDEG(DEG,PI)
. DUMH (I +1) sDEG
SNC=I et
CALL MEVARCALPNA,ANEAN ;BNEAN, VAR, VAR2,SNC yDUNM,¥3)
DMEAN(T ¢ =BMEAN
BVAR(I+1) sVARZ
NHU(T+1) sBMEAN® 927V AR2%# 2
140  CONTINUE
RETURN :
END ‘
- ‘ SUBROUTINE FNE(PI,ANGLE,THETA,GPAT,GPATA,GPATB,G2ATL,GPAT2
; . L ySUN1,SUM2,EST1,EST Z,ETA,POS, HBOX yNA)
: - c THIS PROGRAM ESTIMATES THE PHASE ERROR
; REAL ETA(NA),POS (NA),MBOX(NA)
i ANGLE=0.0
CALL ESTAN (ANGLE,PI)
CALL SOPAT (ANSLE,THETA,GPAT,GPATA,GPATB,SPATL,GPAT2)
L SUM3=GPAT1
SUN2EGPAT2
00 220 I=-288,280
ANGLEsFLOAT (1) 7100, 0
POS(1+4281) =1
CALL ESTANCANGLE,PI)
CALL SOPAT(ANGLE, THETA,GPAT,GPATA,GPATB,GPATL,GPAT2) 1
EST1=GPATY
EST2=GPAT2
ETA(I+261) = (SUN2PESTS -SUNLPEST2) $2,0E~2
220  CONTINUE
DO 230 I=1,560
MBOX(I)=(ETA(I+1) =ETA() } 724 P4ETA(L)
230  CONTINUE
00 280 Is14561
POS (1)=POS(I)/10040
240  CONTINUE
RETURN
END ,
SUBROUTINE ESTAN(ANGLE,PI)
c THIS PROGRAM CONVERTS DEG TO RAD
ANGLE=ANGLE®PI /180 '
RETURN . :
END 1
SUBROUTINE SOPATC(ANGL E4THETAyGPATGPATA,GPATByGPATL,GPAT2)
c THIS PROGRAM CALCULATES THE SUN AND DIFFERENZE AE PATTERNS
THETA=ANGLE+4021598 4495 {
CALL PATT(THETA,GPAT) &
GPATARGPAT i

THETASANGLE -« 8215984495
CALL PATT(THETA,GPAT)
CPATB=GPAT
GPATL=GPATA+GPATE
GPAT2=GPATA-GPATE
RETURN

END

SUBROUTINE PATT(THETA,GPAT) !
IF (THETA .EQ. 9) THEN '
GPAT=1,0

!
f f
! 4
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ELSE
CALL SINSUTHETA,GPAT)
ENOIF
RETURN :
END !
SUBROUTINE SINC(THETA,GPAT) }
c THIS PROGRAM FINDS GPAT :
GPAT=SINIAI 0P 3097% SIN(THETAD ) 7 (43,803897* SINITHETN))
RETURN
END
SUBROUTINE XPAT(NR, ANCLETHETA, GPAY ;GPATA, GPATB,GPATL,GPAT2
4 SRyXL X2 0SEEDHESTy \NULL 4PIoNC,STFyA,VEL)
Cc THIS PROGRAM CALCULATES THE X1 o, X2 SIGNALS
REAL RUEN3) ,STF
Axz1,.0
ANGLE=VEL/718.0-2,9
CALL ESTANCANGLE,PI)
CALL SOPATC(ANGLE, THETA,GPAT,GPATA,GPATB,GPATL,GPAT2)
CALL NOISE(NRyR,DSEED)
Xi=0,.8
00 1510 I=1,100
Xim{(RUIISSTF+EPATLITA®2 ,0E~S) ¢+ XL
150 CONTINUE
CALL NOISE(NRyR,0SEED)
X2=C.0
00 160 XI=y,10C ) o
X2x( (RCT) SSTF+CPAT2)%A%2,0E~)» ‘
160 CONTINUE
ANGLE=EST
CALL SOPATCANGLE, THETA sGPAT,GPATA,GPATB,GPATSL ,6PAL2)
VNULL=X1*GPAT2-X2%GPATS
RETURN -
END
SUBROUTINE NOISE(NR,R ,DSEED)
c ~ THIS PROGRAM GENERATES A NOISE VECTOR
REAL R(130)
OOUBLE PRECISION DSEED -
NR=1389 ’
CALL GGNML (DSEED,NRyR) A
RETURN
END
‘CUBROUTINE ERROR(PDS, BOX 4PHI s ¥NULL 4NA)
REAL POSU(NA)BOXINA)
IF (VNULL <GE. BOX(561)) THEN
PHI=POS(351)
60TO 260
ENDIF
00 258 I=1,569
IF (VRULL oLEe BOXC(I)) THEN
PHI=POS(I)
GOTO 2690
ENDIF
250 CONTINUE
260 CONTINUE

.. . -
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RETURN
END
SUBROUTINE ANDEGIDEG,PY)
THIS PROSRAM COMVERTS RADIANS TO DESREES
DEG=DEG*L1 80 /P
RETURN
END
SUBROUTINE MEVARCALPHA AMEAN,BMEAN, VARL,VARZ, SNCy OUNM, NB)
REAL ALPHALNB) » DUMM (NB)
ANEAN=Q .0
BMEAN®D.)
VARLi=0.0
VAR220.0
00 435 Isi,SNC
ANEANRALPHA (T 2)SANEAN
VARL® ALPHA(ICR)®S2 4YARL
BMEAN=DUNMCI) #OMEAN
VARZ2sDUMN{TI )®®* 24VAR2
CONTINUE
AMEANSAMEAN/SNE
VARSSVARL/SNC=AMEAN®®?2
BMEAN=BMEAN/SNC
VAR2=VAR2/SNC~BMEANY®® 2
RETURN .
END
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Eg Constant Target Mean and Variance Results o
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(AD-AIIS 628 AIR FORCE INST OF TECH WRIGHT~PATTERSON AFB OH SCHOO=~ETC F/6 17/9
MODELING OF A TRACKXNG RADAR IN TERMS OF A NON=LINEAR SECOND OR==ETC(U)

DEC 81 P M CRONK
UNCLASSIFIED AFIT/GE/EE/81D~14

ar 2
ana

15628




APPENDIX E

Constant Target Probability Density Function of Angle
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